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Historical and Paleoflood Analyses for Probabilistic
Flood-Hazard Assessments—Approaches and Review

Guidelines

By Tessa M. Harden, Karen R. Ryberg, Jim E. 0'Connor, Jonathan M. Friedman, and Julie E. Kiang

Abstract

Paleoflood studies are an effective means of providing
specific information on the recurrence and magnitude of rare
and large floods. Such information can be combined with
systematic flood measurements to better assess the frequency
of large floods. Paleoflood data also provide valuable infor-
mation about the linkages among climate, land use, flood-
hazard assessments, and channel morphology. This document
summarizes methods and techniques for the preparation,
gathering, evaluation, and interpretation of paleoflood infor-
mation, including uncertainties, especially with respect to new
statistical approaches available to efficiently use such data.
We summarize best practices and strategies for assessing and
mitigating uncertainties and provide guidelines on appropriate
technical review of paleoflood analyses based on project goals
and requirements.

Introduction

For most flood-hazard assessments, past flood measure-
ments, typically derived from streamflow! measurement
stations, underlie flood-frequency analyses. Streamgage
records, commonly referred to as systematic data, are the
primary basis for flood-frequency analyses and for calibrat-
ing rainfall-runoff models used in quantifying the probability
of large floods. However, because streamflow measurement
records typically are short (commonly less than 100 years
in the United States), the recurrence of rare floods with low
annual exceedance probabilities (AEP) is difficult to reli-
ably estimate using standard streamflow data, especially for
those floods with AEPs less than 0.001. Such rare floods are
of particular interest in designing critical infrastructure such
as dams and nuclear power plants, where failure can pose
catastrophic consequences. Because of typically short observa-
tional records, rare and extreme natural hazards—such as large
floods, earthquakes, and hurricanes—are challenging design
factors because of large uncertainties regarding magnitude and
frequency (National Research Council, 2014).

!'In this report, streamflow, flow, and discharge are used synonymously.

Paleoflood studies are one means of providing specific
information on the recurrence and magnitude of rare and large
floods. These studies can be combined with systematic records
to improve flood-frequency analyses and the calibration of
rainfall-runoff models, especially for extreme flood events.
Paleoflood hydrology is the reconstruction of the magnitude
and date of past floods using geological or botanical evidence
(Kochel and Baker, 1982; Kochel and others, 1982; Benito and
others, 2020). These indicators can provide information about
the time of occurrence, magnitude, and frequency of past flood
events, particularly those from time periods or locations lack-
ing direct measurements and observations. Paleoflood studies
complement streamgage measurement programs by extend-
ing records of flooding beyond the gage record. Increasing
the record length is particularly important for assessing the
magnitude and frequency of floods with low AEPs, thereby
providing more accurate assessments of hazards to critical
infrastructure (O’Connor and others, 2014). Paleoflood data
also provide valuable information about the relations between
climate, land use, flood frequency, and channel morphology
that may not be well-represented by the systematic record. For
example, Liu and others (2020) used paleoflood records to
characterize long-term flood variability related to large-scale
atmospheric circulation patterns that could link extreme events
with climate models.

Paleoflood data typically derive from geological or botan-
ical records of previously undocumented or poorly recorded
floods (Baker, 1987; Kochel and Baker, 1988). In many river
environments, geological evidence, such as fine-grained slack-
water deposits (SWDs) in bedrock-confined settings (Ely and
others, 1993; O’Connor and others, 1994; Hosman and others,
2003; Harden and others, 2011; Greenbaum and others, 2014)
or flood sediment deposited in floodplains and terraces (Knox,
1985; Levish and others, 2003; England and others, 2010;
Godaire and Bauer, 2013; Toonen and others, 2015; Munoz
and others, 2018) can preserve records of floods for hundreds
to thousands of years. Botanical evidence of floods, including
tree rings (annual growth rings on trees) and tree scars, can
provide a flood record spanning hundreds of years (St. George
and Nielsen, 2003; Tardif and Bergeron, 1997).
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Paleoflood information provides tangible information on
the occurrence and magnitude of large and infrequent floods,
which when considered in a statistically appropriate man-
ner, can substantially reduce uncertainties in frequency and
magnitude estimates of rare floods (Stedinger and Cohn, 1986;
Costa, 1978; Stedinger and Baker, 1987; Frances and oth-
ers, 1994; Webb and others, 2002; Harden and others, 2011;
Lam and others, 2017). The increasing global application of
paleoflood studies has prompted development of multiple
techniques to efficiently incorporate such information in flood-
frequency analyses (Stedinger and Cohn, 1986; Cohn and oth-
ers, 1997; Levish, 2002; O’Connell and others, 2002; England
and others, 2018).

Paleoflood information (derived from geological and
botanical records) as well as other non-systematic records of
large floods, such as historical data from newspaper accounts
and archival records, can be incorporated in flood-frequency
analyses. Such data can take the form of flood-magnitude
point estimates (single-value estimates without quantita-
tive uncertainty), interval estimates (estimates presented as a
plausible range of values, thereby acknowledging the inherent
uncertainty in estimating past floods), or perception thresholds
(the minimum flood magnitude that could have been detected
at a site had it occurred; England and others, 2018).

Guidelines to incorporate historical and paleoflood data
in flood-frequency analyses in the United States have been
standardized in Bulletin 17C (England and others, 2018).
Several software packages are available, which implement
the methods described in Bulletin 17C including the U.S.
Geological Survey (USGS) Peak-Flow Frequency Analysis
software (PeakFQ; Flynn and others, 2006; Veilleux and oth-
ers, 2014) and the U.S. Army Corps of Engineers (USACE)
Hydrologic Engineering Center Statistical Software Package
(HEC-SSP; U.S. Army Corps of Engineers, 2019). The
USACE Risk Management Center Risk Management Center-
BestFit software for flood-frequency analysis performs
distribution fitting and Bayesian estimation from a choice of
13 probability distributions and can incorporate historical and
paleoflood data (Smith and Doughty, 2020). Guidelines exist
in other countries for flood-frequency analyses that incor-
porate non-systematic data (usually historical, as reviewed
in Kjeldsen and others, 2014). For example, Australian
methods use several distributions (Log-normal, Gumbel,
Generalized Pareto, log Pearson III or Generalized extreme
value in TUFLOW FLIKE software; [https://www.tuflow.com/
products/flike/]) and include paleoflood data with Bayesian
methods (Ball and others, 2019).

Paleoflood analysis is an increasingly applied tool for
improving estimates of the magnitude and frequency of flood-
ing hazards, particularly for assessing the safety and design
of critical infrastructure such as nuclear power plants and
dams (Swain and others, 2006; England, 2011; O’Connor and
others, 2014; Harden and O’Connor, 2017; Kelson and others,

2017a). Standards of practice for conducting and reviewing
such studies, however, have been lacking, inhibiting their
effective use in regulatory decision-making.

Purpose and Scope

This report describes typical standards of practice for
developing historical and paleoflood data and incorporat-
ing such data in flood-frequency analyses. Specifically, we
describe methods and techniques for gathering, evaluating,
and interpreting historical and paleoflood data, including
application of new statistical approaches available to effi-
ciently use such data for flood-frequency analysis. We discuss
geological and botanical evidence of floods, geochronologic
techniques, hydraulic analysis methods, and flood-frequency
analysis. Three levels of paleoflood analysis and review are
identified—ranging from scoping or reconnaissance (Level 1)
to intermediate (Level 2) to comprehensive (Level 3) —that
would be selected to meet project objectives including the risk
criteria and management goals of the project. This summary
is followed by a discussion of detailed guidance developed
to differentiate the level of detail of the study (number of
reaches/sites), hydraulic analysis method (for example, single
cross sections, 2-dimensional models), probabilistic flood-
hazard analyses for input into probabilistic risk analysis (for
example, flood-frequency analysis), uncertainty propagation
acceptable for decision-making, and extent of the techni-
cal review.

A paleoflood workshop in 2019 (app. 1) held at the
Nuclear Regulatory Commission in Rockville, Maryland, was
convened to survey the experience and views of experts in
geology, hydrology, botany, dendrochronology, geomorphol-
ogy, engineering, statistics, and policy at Federal and local
agencies and in academia. Broad information and perspec-
tives were gathered at the workshop to guide the structure of
this report.

Historical Evidence of Floods

Historical evidence of floods consists of records and
data originating from outside the period of systematic records
but derived from human accounts (Ryberg and others, 2020).
Examples of historical records that can be used for flood
estimates or perception thresholds for a particular site include
(1) flood estimates from agencies other than the one within the
systematic record; (2) flood marks inscribed in structures or
durable features; (3) newspaper accounts that can be trans-
lated to flood magnitude point estimates, interval estimates, or
perception thresholds (for example, a statement that an 1880
flood was the largest flood since 1869); and (4) historical pho-
tographs that show floodwaters in relation to landmarks, such
as railroad bridges or historical buildings.


https://www.tuflow.com/products/flike/
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A common source of historical flood estimates is the
USGS peak-flow file (PFF) that is available as part of the
USGS National Water Information System (NWIS) at
https://nwis.waterdata.usgs.gov/usa/nwis/peak (U.S.
Geological Survey, 2020a). Historical peaks are qualified
with a peak qualification code of 7. The USGS uses a series
of qualification codes in NWIS to describe data and help with
data interpretation. The official definition for code 7 is that the
“discharge is an historic peak” (Ryberg and others, 2017, p.

8; U.S. Geological Survey, 2020a). This definition has caused
some confusion as a result of the standard dictionary defini-
tion of historic, which means “famous or important in history,”
whereas historical means “concerning history or historical
events” (Oxford University Press, 2017). As a result, some
USGS staff responsible for applying the qualification codes
assigned the largest peak in the PFF a code 7, historic, regard-
less of where it fell in the record, and nonsystematic peaks that
should have been qualified with a code 7 were not. For clari-
fication, peak-flow data that should be qualified with a code 7
are those that provide historical evidence and are outside the
systematic period of record. There has been an ongoing effort
to correct these misinterpretations for all sites in the PFF;
however, the official definition still uses the term “historic”
(Ryberg, 2008; Ryberg and others, 2017). Throughout this
report, we refer to the nonsystematic peaks recorded by human
accounts as “historical.”

Historical flood information can play an important role in
filling the gap between paleoflood data and the beginning of
the systematic record. Furthermore, historical information can
have an advantage over most paleoflood data if photographs
and first-person accounts for the flood exist. Historical peaks
have been considered biased in the systematic record because
the only reason they were documented is that they were
large floods. The previous Federal guidelines for determin-
ing flood-flow frequency known as Bulletin 17B (Interagency
Advisory Committee on Water Data, 1982) used a historical
weighting procedure to acknowledge this bias when estimating
the flood-frequency distribution at a site with historical data.
Recently, with the publication of Bulletin 17C (England and
others, 2018), improved methodology and a growing interest
in hydrologic extremes have led to a recognition and accep-
tance of historical floods as an important source of data used
to reduce uncertainties in flood-frequency analyses (Sutcliffe,
1987; Engeland and others, 2018).

As the ability to use historical data has improved, a
concerted effort has been made to gather the information for
use in flood-hazard analysis in the United States and abroad.
General sources of information for historical floods include
(1) hand-written documents such as diaries, personal corre-
spondences, and memoirs; (2) printed sources such as newspa-
pers and technical reports; (3) physical markings on bridges,
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trees, buildings, rocks, etc. (fig. 1); (4) iconographic sources
such as photographs and paintings; and (5) oral histories
(Montgomery, 2016). Other more unusual sources have been
used, such as analysis of expense records for flood-related
bridge repairs in the 1500s (Merz and Bloschl, 2008). For

a detailed, in-depth reconstruction of floods from historical
archives, see Historical Floods in New England (Thomson
and others, 1964) and a survey of hydroclimate, flooding, and
runoff in the Red River [of the North] Basin prior to 1870
(Rannie, 1998).

The uncertainty of historical information can be difficult
to quantify. Individual observations from personal accounts
in letters and newspapers tend to be less certain because of
perceptions of the writer and the later (often much later)
interpreter, and the purpose of describing the flood (such as
historical documentation, selling newspapers, describing a dra-
matic event, or attempting to draw attention to flood-induced
suffering). Researchers examining historical high-water marks
have determined that newspapers may have exaggerated flood
severity. Talke and others (2014) used recovered tide, high-
water, and low-water records for New York Harbor to show
that the high-water mark for 1893 was 1.4 meters (m) lower
than an estimate previously derived from a newspaper article
(Scileppi and Donnelly, 2007). Talke and Jay (2017) updated
the New York harbor analysis and downgraded other events
previously estimated from newspaper accounts. Orton and oth-
ers (2016) reported that the difference in interpreting a record
as “13 feet over low water” rather than “13 feet over low water
mark” may have caused storm surge from an 1821 hurricane to
be overestimated by 0.4—-0.6 m. Additionally, misinterpretation
of historical datum and tabulation or transcription errors led
to the overstatement of 1723 and 1847 storm tides in Boston
Harbor (Talke and others 2018).

Organizational historical sources tend to be more stan-
dardized, such as ecclesiastical records and technical reports.
Physical marks may seem to be more certain but should be
confirmed, as stonework can be moved during building res-
toration or streets can be renamed (Benito and others, 2015).
Flood magnitudes derived from historical data can have large
uncertainty but often are exact in terms of dates of floods
and have a richness of information that sheds light on conse-
quences of extreme events (Wilhelm, Ballesteros Canovas,
and others, 2018). Flow estimates from historical elevations
are subject to many of the same uncertainties as flow estimates
from geological and botanical flood evidence; in most cases,
such flow estimates probably are best expressed as interval
estimates when used in flood-frequency analyses. Additionally,
the stage-discharge relation often is assumed not to vary
over time. This may be incorrect because of channel changes
(Winters and Baldys, 2011) or because of other alterations to
the basin.
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Figure 1. Historical building in The Dalles, Oregon (A), with etching of the elevation of floodwaters from the 1894
flood on the Columbia River (close-up of the rectangular area outlined in [A]) (B). Columbia River is about 150 meters
beyond the building. Photographs by Jim 0’Connor, U.S. Geological Survey.



Quantifying a historical flood ideally involves (1) mul-
tiple collaborative evidence and information sources such as
historical newspaper accounts; (2) historical documents from
government entities that may no longer exist under the same
name or structure, such as the U.S. Army Signal Corps or the
U.S. Weather Bureau (https://library.noaa.gov/Collections/
Weather-And-Climate); (3) reports by agencies such as the
U.S. Army Corps of Engineers or the U.S. Geological Survey;
and (4) libraries or historical society records of photographs
and diaries. A historical flood that occurred in Fargo, North
Dakota—Moorhead, Minnesota, in 1897 provides a rich exam-
ple of the types of material that may be available to quantify
and qualify a historical peak. See the example 1 sidebar for a
description of the process that might be followed to estimate a
historical flood.

Gathering historical (and paleoflood) evidence and esti-
mates from across the United States and the world to extend
the periods of record available for flood-frequency analysis
has been of interest for some time. However, the effort has
been piecemeal, and often has been done on a single State
or agency basis. Several historical flood databases and other
common sources of historical flood data are listed in table 1.

Paleohydraulic Analysis

Several geological, biological, and archival techniques
enable the determination of past flow conditions, or paleohy-
draulics, for locations with sparse or no documented flood data
for time periods before the historical record. These tech-
niques can be categorized into three fundamental approaches
(table 2). Regime-based (Baker, 1989, 2014) approaches rely
on empirically derived relations between channel morphologic
or sedimentologic characteristics and past flow conditions.
Regime-based methods are most useful for inferring average
flows (Salas and others, 1994). A second approach to esti-
mate past flow is the use of flow-competence criteria. These
criteria use theory and empirical evidence to link the largest
sediment grain size that a particular discharge can transport
with flow strength represented by a velocity, shear stress, or
stream power (Jacobson and others, 2016). Flow-competence
methods can be used to estimate average flow conditions as
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well as individual floods (Salas and others, 1994). The last
approach, commonly practiced since the 1980s and the main
technique addressed in this report, is the analysis of peak-stage
evidence left by individual floods as inferred from geological
records (such as fine-grained deposits derived from a flood’s
suspended load) and botanical records (such as flood-related
changes in tree-ring characteristics). This approach is the basis
for several recent flood-hazard assessments that incorporate
paleoflood data (England and others, 2010; Harden and others,
2011; Lam and others, 2017; Kelson, Hall, and others, 2018,
Kelson and others, 2020; Harden and others, 2021).

In the United States, most paleoflood studies using
peak-stage evidence have been conducted in arid or semi-arid
regions of the western United States, likely owing to several
factors including (1) the preponderance of stable boundary
rivers; (2) the abundance of sandy sediment eroded from less
vegetated landscapes and transported in floodwaters during
extreme floods; (3) increased deposit preservation owing to
the lack of vegetation and reduced bioturbation; (4) the high
variability of peaks in the streamflow record (it is not uncom-
mon to have an annual peak in the systematic record an order
of magnitude larger than the next highest peak); and 5) the
fact that many paleoflood researchers live and work in the
Western United States. However, successful paleoflood stud-
ies conducted in the more humid Eastern United States have
shown the versatility of using peak-stage evidence (Kelson
and others 2017b; Harden and O’Connor, 2017; Harden and
others, 2021) and other methods described later in the report
(Wang and Leigh, 2012; Munoz and others, 2018; Davis and
others, 2019).

The approach of using peak-stage evidence to reconstruct
flood-frequency has three main components: (1) Using various
types of paleostage indicators and geochronology, develop
and interpret a stratigraphic, botanical, and historical record of
flood stages, including timing, and maximum thresholds for a
river of interest; (2) Converting the resulting stage information
to estimates of discharge for specific events and perception
thresholds; and (3) Appropriately incorporating the discharge
and chronology information, including historical and gaged
flood records, in a flood-frequency analysis. All aspects of
these analyses have uncertainties that need to be considered in
the resulting flood-frequency analysis.
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Example 1—1897 Flood Fargo, North Dakota—Moorhead, Minneso

A U.S. Geological Survey Water Supply Paper document-
ing floods in 1950 compared those floods to past floods, includ-
ing a large flood in 1897 reported by the Fargo Forum and Daily
Republican for March 15, 1897, in an article titled “The Coming
Flood” by Old Settler:

The present indications are that we will have high
water this spring, as high if not higher, than it was in
the spring of 1861. If all reports are true, there is more
snow on the level now than there was in the spring of
1861. That year the entire valley was flooded from Big
Stone Lake to Winnipeg, a distance of more than 300
miles [mi]. There are but four men living in the valley
now that witnessed the great flood of ‘61—the largest
body of fresh water in the world at that time * * *

R. M. Probesfield is authority for saying that he, a few
days ago, measured the snow in his timber, where

it was free from drifting-and it measured 5 feet. This
measurement is two and one-half feet more snow
than we had in 1861. Those facts prove that we will
have a greater flood this year than in the history of the
valley.

(U.S. Geological Survey, 1952, p. 303).

Figure Ex1.1. Northern Pacific Railroad bridge over Red River of the
North from Main Avenue bridge, between Fargo, North Dakota, and
Moorhead, Minnesota, April 3, 1897. North Dakota State University
Archives; used with permission.

The Red River crested early on the morning of April 7,
1897, at Fargo exceeding the known high levels of 1871, 1873,
and 1882. The 1897 flood did not seem to exceed the 1861
flood at Fargo, although this is difficult to prove definitively.
Downstream from Fargo, the 1897 flood did not exceed the
1861 flood at Winnipeg, Manitoba, Canada, where more histori-
cal documentation before 1897 is available (U.S. Geological
Survey, 1952).

Numerous historical photos of the 1897 flood and other
historical floods are available through Digital Horizons, a
consortium of organizations that provides historical content

related to North Dakota
and Minnesota (Digital
Horizons, 2020). A selec-
tion of photos from the
days leading up to the flood peak and the
day of the peak are included here (figs.
Ex1.1-Ex1.3). According to documentation
accompanying the photograph in figure Ex1.3:

NORTH DAKOTA MINNESOTA

Fargo[J] Moorhead

[The] view of the Northern Pacific Railroad bridge
and the old south bridge was taken from the foot of

Figure Ex1.2. Northern Pacific Railroad bridge over Red River of the
North, between Fargo, North Dakota, and Moorhead, Minnesota, April
5, 1897. North Dakota State University Archives; used with permission.

what is now Center Avenue in Moorhead. The build-
ing shown at the lower right was the old steamboat
freight house, which stood just across Third Street
from what is now the Moorhead Daily News building,
but which was then occupied by the Zervas & Kippels
meat market. The objects seen on the south bridge
are steam threshing engines placed there to weight
down the bridge.

(Digital Horizons, 2020).

Figure Ex1.3. View from Moorhead, Minnesota, of flooded Red River
of the North, with Northern Pacific railroad bridge in middle distance

and Old South bridge in far distance, April 7, 1897. North Dakota State
University Archives; used with permission.



Additional historical photographs (Digital Horizons, 2020)
show floodwaters in relation to institutional buildings, streets,
houses, and other landmarks, some of which may still exist
and could aid in estimating additional high-water marks and
flood inundation. Photographs showing floodwaters in rela-
tion to bridges are particularly useful in that the bridges may
exist during the systematic period of record and allow one to
compare current and past floods. Bridges are surveyed and
surveying may facilitate estimates of water-surface elevation.
Additionally, bridges often are iconic landmarks that attract
photographers during extraordinary events.

The historical photographs document a large flood in
1897, but what was the water-surface elevation or stage?
We know from the 1952 Water Supply Paper that there was
a U.S. Weather Bureau gage at Fargo and the elevation
recorded at the gage, adjusted to 1912 datum, was 863.5
feet (ft) above mean sea level (U.S. Geological Survey, 1952,
table 7). However, where was the gage in relation to the
photographs and the current gage that represents the sys-
tematic period of record? A search of microfiche records in
the U.S. Geological Survey Dakota Water Science Center in
Bismarck, North Dakota, produced a 1930 document stating
that the U.S. Weather Bureau gage was on Front Street
(fig. Ex1.4; S. Robinson, U.S. Geological Survey, electronic
commun., July 7, 2020). Further investigation at the North
Dakota State University Archives indicated that Front
Street is now Main Avenue (North Dakota State University
Archives, 2020). Two bridges in relation to each other during
the 1897 flood are shown in fig. Ex1.3, and a photograph
of the 1897 flood specifically in relation to the Front Street
Bridge is shown in fig. Ex1.5.

Water-surface elevations, or stage values, in the
1800s generally were accurate because of railroad or
other surveys. Archival documents show the existence of
a survey benchmark at the railroad bridge in Fargo that
provided datum information. However, creating a reliable

Figure Ex1.5. View from Moorhead, Minnesota, across flooded Red
River of the North at Front Street Bridge toward Fargo, North Dakota,
1897. County Historical Society, Bonanzaville, West Fargo, North
Dakota; used with permission.

Paleohydraulic Analysis 1

rating curve', or the stage-discharge relation that allows one
to estimate a streamflow (volume) from an elevation or stage,
requires numerous measurements of stage and streamflow
over a range of conditions (Wagner and others, 2017). The
1897 peak was for many years much larger than systematically
gaged peaks, and a streamflow estimate would have been an
extrapolation (extension) of the rating curve to an unverified
stage-streamflow estimate.

Eventually, with historical documents and data from
observations of additional large floods, Russ Harkness of the
U.S. Geological Survey estimated the 1897 flood stage at the
current streamgage location and estimated a streamflow (G.
Wiche, U.S. Geological Survey, oral commun., July 7, 2020). The
water-year summary for current USGS streamgage 05054000
(Red River of the North at Fargo, North Dakota) describes
an extreme flood outside the period of systematic record as
“flood of April 7, 1897, reached a stage of 39.1 ft present datum,
discharge, 25,000 ft3/s [cubic feet per second] at site 1.5 mi
downstream” (U.S. Geological Survey, 2020b).

Figure Ex1.4. Information related to U.S. Geological Survey (USGS)
streamgage 05054000, Red River of the North at Fargo, North Dakota,
1897. Photograph of microfiche record provided by USGS Dakota
Water Science Center.

I A straight-line rating curve extension may not be appropriate in some
instances, especially if a river or stream leaves a confined channel and reaches
a wide floodplain. Conventional USGS policy is to not extend a rating past
two times the highest confirmed streamflow discharge measurement and, as
more extrapolation that occurs, the greater the uncertainty.
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Table 1.

Examples of historical flood databases in the United States and Europe.

Organization

Name

Accessibility

U.S. Geological Survey

U.S. Geological Survey

U.S. Army Corps of
Engineers

U.S. Army Corps of
Engineers

State of Colorado
State of Oklahoma

Tennessee Valley Authority

British Hydrological
Society

France

Peak Flow Database
(U.S. Geological Survey, 2020a)

Water-Supply Papers and other reports

308 Reports Series (U.S. Army Corps of
Engineers, 2020a)

Ice Jam Database (Carr and others, 2015)

Colorado Flood Database (U.S. Geological
Survey, 2020c¢)

Flood Database for Oklahoma (U.S.
Geological Survey, 2020d)

TVA Historical GeoDatabase

Chronology of British Hydrological Events,
British Historical Society (2020)

National Collective for Flood Sites and
Landmark, Vigicrues (2020)

Public: https://nwis.waterdata.usgs.gov/usa/nwis/peak

Public: https://pubs.usgs.gov/wsp/ or search keywords at
https://pubs.er.usgs.gov/

Public: https://www.iwr.usace.army.mil/Library/IWR-
Library/308-Reports-Program-Series/

Public: https://icejam.sec.usace.army.mil/ords/f?p=101:7

Public: https://cwscpublic2.cr.usgs.gov/projects/coflood/
COFloodMap.html

Public: https://webapps.usgs.gov/dbflood/

Internal to agency

Public: https://www.cbhe.hydrology.org.uk/

Public: https://www.reperesdecrues.developpement-
durable.gouv.fr

France

Database on historical floods in France (Base

de Données Historiques sur les Inondations,

2020)

Public: https://bdhi.developpement-durable.gouv.fr/welcome

Table 2. Comparison of three paleohydraulic approaches (after Baker, 1989; modified from Jacobson and others, 2016).

[Symbol: £, plus or minus]

. Approach
Attribute - -
Regime Flow competence Slack-water deposits
River type Alluvial (deformable boundaries). Alluvial and stable boundary ~ Stable boundary channels.

Scale of analysis

Commonly inferred
properties

Major uncertainties

Estimated accuracy
under ideal condi-
tions

Reviews of Approach

Example applications

A reach of river or channel cross sec-
tion.

Mean annual discharge, “bankfull®
discharge for a channel reach or
cross section.

Empirical and semi-empirical hydrau-
lic geometry relations and channel-
type thresholds typically have large
uncertainties.

+100 percent.

Dury, 1976; Williams, 1988.

Dury, 1976; Williams, 1984.

channels.

Individual deposit.

Shear stress, velocity, and
unit stream power associ-
ated with an individual
deposit.

Uncertain transport relations;
uncertain inferences re-
garding channel geometry.

+100 percent.

Maizels, 1983; Komar 1996.

Costa, 1983; Waythomas and
Jarrett, 1994; Grimm and
others, 1995.

Individual or multiple deposits within a
reach of river.

Rare and high magnitude floods for a
channel reach.

Uncertain relations between deposit
elevations and maximum flow stage;
uncertain channel geometry and rough-
ness characteristics.

+25 percent.

Kochel and Baker, 1988; Baker, 1989;
Benito and O’Connor, 2013

Ely and others, 1993; O’Connor and oth-
ers, 1994; Harden and others, 2011.
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https://www.reperesdecrues.developpement-durable.gouv.fr
https://bdhi.developpement-durable.gouv.fr/welcome

Geological Paleostage Indicators

The essential element of any paleoflood assessment is
flood evidence. This section focuses on physical evidence
of previously undocumented floods. Much of the material in
this section and hydraulic analysis section of this document is
modified from the reviews of Benito and O’Connor (2013);
Jacobson and others (2016); Benito and others (2020) and the
Black Hills, South Dakota, paleoflood study of Harden and
others (2011).

Paleoflood records can be reliably reconstructed from two
basic types of physical evidence: high-water marks (HWMs),
and paleostage indicators (PSIs). HWMs include flotsam (fine
organic debris, grass, and woody debris; fig. 24) and mud,
silt, and seed lines (fig. 2B) that closely mark peak flood stage
(Koenig and others, 2016). Multiple HWMs on each side of
the channel, such as fresh tree injuries on one bank and cor-
responding scour marks on the other bank (fig. 2C), commonly
are used to estimate peak water-surface elevations. Evidence
of HWM s typically survives for a short period of time; weeks
in humid climates, but possibly hundreds of years in semi-arid
and arid climates (Williams and Costa, 1988; Webb and others,
1988). By contrast, PSIs typically provide evidence of peak
flow stages that may be preserved for thousands of years, and
are the evidence typically sought to conduct detailed paleo-
flood analyses. Commonly used PSIs include fine-textured
flood sediment SWDs (fig. 34, 3B), gravel and boulder bars
(fig. 3C), silt lines, and erosion features (Baker, 1987; Kochel
and Baker, 1988; Webb and Jarrett, 2002), as well as botanical
evidence such as scars (fig. 3D) and atypical growth rings in
trees adjacent to rivers and streams as discussed later in this
report.

Floods also etch scour marks and trimlines into valley-
margin colluvium and soils (fig. 3E). Scour lines can also be
used to estimate peak discharge in bedrock reaches with no
soils and little colluvium by eroding a thin layer to expose a
fresh rock surface (fig. 4). Such erosional features may mark
the largest floods, although their interpretation and dating may
be ambiguous (Webb and Jarrett, 2002).

Silt lines are sub-horizontal linear deposits of silt- and
clay-sized particles preserved along channel margins that
provide clear evidence of maximum flood stage (fig. 3F). They
most commonly are preserved on bedrock canyon walls and
channel-margin boulders, especially in areas protected from
weather. These lines likely are derived from the suspended
load of the flooded stream, left as floodwaters soaked into
porous rock (O’Connor and others, 1986).

In high-gradient streams, coarse boulder deposits
(fig. 3C) are the most common large-flood deposits. Such
deposits are probably from flood bedload and likely provide
a minimum peak estimate (Wohl, 2010) of the largest floods.

Geological Paleostage Indicators 9

Boulder bars, like erosional features, provide information on
the largest floods but typically do not record numerous floods
(Wohl, 2010).

Botanical flood evidence includes flood scars and other
flood-related effects on riparian trees. These effects include
physical damage to trees, such as tilting and abrasion, which
result in sprouting of new stems that grow vertically from the
fallen or tilted stem, eccentric ring growth, and scarred stems
(fig. 5; Sigafoos, 1964). Floods may also alter growth because
of persistent inundation or by sediment burial or exhumation.
The resulting change in width or anatomy of individual growth
rings have been used effectively for reconstructing regional
flood-frequency and magnitude (McCord, 1990, 1996;
Yanosky and Jarrett, 2002; Ballesteros-Canovas, Stoffel, and
others, 2015).

Slack-Water Deposits

The physical characteristics of a river system dictate
the type, preservation, and uncertainty of paleoflood records
(Benito and O’Connor, 2013). The most complete paleoflood
records are obtained from analyses of stratigraphic sequences
of fine-grained flood deposits occurring in slack-water and
eddy environments. SWDs are fine-grained sedimentary
deposits that accumulate from suspension during floods (Baker
and others, 2002). Typically, SWDs are preserved in areas
with low velocity such as areas of backwater flooding and flow
separation. The reduced flow velocities in these areas promote
rapid deposition of the high-settling-velocity fraction (sands
and silts) of the suspended load. The finest grain sizes with
low-settling velocities (clays) typically remain in suspension
even in low-velocity environments.

Site Selection and Stratigraphic Analysis of
Flood Sequences

Environments where SWDs are commonly deposited and
preserved include (1) areas of channel widening; (2) severe
channel bends; (3) the lee side of obstacles where flow separa-
tion occurs; (4) alcoves and caves in bedrock walls; (5) back-
flooded tributary mouths; (6) channel margins below steep
canyon walls; and (7) macrochannels in stable confined semi-
alluvial reaches (Kochel and others, 1982; Ely and Baker,
1985; Baker and Kochel, 1988; Benito and others, 2003;
Sheffer and others, 2003; Benito and Thorndycraft, 2005;
Thorndycraft and others, 2005; Harden and others, 2011; Lam
and others, 2017).

Searches for SWDs can be aided by identifying evidence
in the field left by recent large floods. Locations of deposits
or large woody debris of such recent floods (fig. 6) are likely
to match areas of paleoflood deposition, indicating an ideal
starting elevation from which to search areas with similar
characteristics.
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Channel—

Figure 2. Examples of high-water marks (arrows) from (A) woody debris, (B) mud line on a fence marking peak water surface
elevation, and (C) tree and erosion scars (dashed line). Photographs by Tessa M. Harden (A) and Lori Fischer (B, C), U.S. Geological
Survey.
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Figure 3. Paleostage indicators (arrows) including (A, B) slack-water deposits, (C) boulder bar, (D) tree scar, (E) erosional
features, and (F) silt lines. Photographs by Tessa M. Harden (A-C) and Jim O'Connor (E, F), U.S. Geological Survey; and
Keith Kelson (D), U.S. Army Corps of Engineers.
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Figure 4. Flood scour marks on bedrock of Taylor Arroyo, Colorado. Loose sediment and vegetation are abundant above the scour
line but have been eroded by floodwater below the scour line. Photograph by Tessa M. Harden, U.S. Geological Survey.
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Figure 5. Vertical sprouts on a tree along Elk Creek, South Dakota. Tree was undercut and tilted by a flood. Age of vertical
branches marks the time since the flood. Photograph by Tessa M. Harden, U.S. Geological Survey.
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Figure 6. Large driftwood log likely from the 1884 flood on the talus slope along the Colorado River in the Grand Canyon,
Arizona. When identifying paleoflood deposits in this reach, the elevation of the driftwood indicates an ideal elevation from
which to start. Photograph by Tessa M. Harden, U.S. Geological Survey.

Stratigraphic descriptions of flood sequences emphasize
breaks and contacts separating deposits of individual floods
from each other and from non-flood deposits such as slope-
wash or other local material. Descriptions of sedimentary
structures and deposit characteristics (such as mineralogy,
grain size, and bedding) can help define the depositional
environment and sediment source, which are attributes used in
deciphering a local flood record. As summarized in Benito and
O’Connor (2013), Baker and Kochel (1988), Enzel and others
(1994), and Benito and others (2003), deposits from individual
floods within a sedimentary sequence commonly are distin-
guished by the following criteria (fig. 7):

1. Identification of a distinct silt-to-clay layer, often called
a silt cap (fig. 74), at the top of a flood unit, commonly
marking final deposition of very fine sediment during the
waning stage of a flood.

2. Intervening layers of sediments deposited by non-flood
processes (for example, tributary alluvium [fig. 78] or
cave roof-fall [fig. 7C]) separating deposits of main-
stem floods.

. An erosional boundary where the surface of an older

flood unit has been eroded by a younger flood (fig. 7D).

. Bioturbation (plant and animal activity) indicative of an

exposed sedimentary surface after the flood has passed

(fig. 7E).

. A change in the physical characteristics of the flood

deposits, such as sediment grain size (fig. 7F) or color
(fig. 7G), owing to factors such as differing sediment
source or differing energy conditions. This criterion is
not always valid by itself and typically needs additional
evidence of the flood sediments being exposed for some
length of time at or near the surface.

. Other evidence of subaerial exposure and time between

successive sedimentary units, such as the development
of soil in fluvial deposits or evidence of surface occupa-
tion by humans or animals (fig. 7H).
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Photographs showing deposits from individual floods within a sedimentary sequence commonly distinguished by the

following criteria—(A) Silt layer (arrow) capping a flood unit, (B) intervening layers of non-main-stem deposits such as tributary
sediments separating mainstem flood deposits or (C) angular cave roof-fall clasts (arrow), (D) erosional boundary (arrow) where a
younger flood partially eroded an older flood, (E) bioturbation such as a packrat midden (arrow) on a previously exposed sediment
surface now buried by flood sediment, a change in physical characteristics of flood units such as grain size (A or color (G), and (H)
evidence of subaerial exposure such as a surface previously occupied by humans (arrow). Photographs by Tessa M. Harden (A, B, D,

F, G) and Jim 0'Connor (C, E, H), U.S. Geological Survey.

For detailed paleoflood assessments, such stratigraphic
analyses commonly are conducted for multiple sites within a
study reach (for example, Harden and others, 2011), and for
multiple reaches along a river system (for example, Hosman
and others, 2003). One approach is to evaluate sites at a
range of elevations (with respect to flood magnitude; fig. 8)
to improve chances of defining the number of floods reaching

different stages. There is no clear consensus on the minimum
number of sites to investigate per reach and factors such as site
access and conditions, project goals, timelines, and budgets
commonly influence the number of study sites. However, more
sites typically lead to less uncertainty and more reliable results
as well as a more robust chronology of flooding for a wide
range of discharge magnitudes.
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EXPLANATION

Slack-water deposits at multiple elevations

— — = Minimum water surface elevation for SWD inundation and deposition

Modern floodplain

Figure 8. Schematic diagram showing flood slack-water deposits (SWDs) preserved in different environments (cave, channel

margins, lee side of boulders) and at different elevations (stages).

Terrace and Floodplain Deposits

Terraces and floodplains are composed of river alluvium
(fine-grained stream-transported sediments) flanking active
river channels (fig. 9). Floodplains are sites of recurring over-
bank deposition adjacent to a channel, whereas terraces are
former floodplains abandoned owing to river incision or flow
reduction and at a higher elevation than the active floodplain.
Some terraces may continue to accrete by overbank deposition
during large floods (fig. 9). Because terraces and floodplains
are formed of flood deposits, they can provide stratigraphic
records of past floods (Jones and others, 2012; Wang and
Leigh, 2012; Leigh, 2018). Depending on the environment,
such records may go back hundreds to thousands of years
(McQueen and others, 1993; Hosman and others, 2003;
England and others, 2010; Harden, 2013; Harden and Bauer,
2014). Terraces and floodplains can be more challenging envi-
ronments in which to identify individual floods compared to
SWDs. Terraces commonly are more affected by bioturbation
and dynamic channel changes that can rework the sediment
and alter soil forming processes—attributes that hinder strati-
graphic preservation and interpretation.

Site Selection and Identification of Flood
Sequences

Rivers flanked by multiple terraces may have strati-
graphic records of flooding at several different elevations/
stages spanning multiple time intervals. Terraces inset or con-
fined in narrow valleys (figs. 9-10) can be especially favorable
for paleoflood analyses because of the potential for sensitive
stage-discharge relations associated with the elevations of
flood deposits. In some instances, alluvial fan deposits from
tributaries, reworked by the river into terrace-like features
(fig. 11), can be useful, especially if there is clear distinction
between river and fan material (fig. 12). The basic strati-
graphic methods are the same for those of SWDs. However,
terraces typically are affected by soil-forming processes and
commonly have more developed soils than SWDs. Therefore,
stratigraphic boundaries often are more subtle and individual
floods can be hard to distinguish, especially if they occurred
within a short time period. The presence of buried soils in
terraces almost always is a clear indication of the boundary
between two floods. With respect to floods, buried soils occur
when flood sediments are deposited on an existing soil, such
as when a large flood inundates an older terrace. The exist-
ing soils will be genetically different from the fresh flood
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Figure 9. Schematic diagram showing terraces, including an inset terrace and the modern floodplain. A deposit from a large historical
flood is shown on the modern floodplain and the lower terrace. Buried soils indicating individual floods also are shown.

Quaternary alluvium Quaternary alluvium

Figure 10. Set of relatively younger Holocene terraces (t1-t3) inset in relatively older Quaternary valley fill deposits
(arrows) allowing for sensitive stage-discharge relations when determining flood magnitude, in California. Photograph by
Tessa M. Harden, U.S. Geological Survey.
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Figure 11.  Alluvial fan deposits reworked into a terrace-like feature by the Kern River, California. Photograph by Tessa M.
Harden, U.S. Geological Survey.
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Coarse alluvial fan material

Figure 12. Coarse- and fine-grained reddish fan material above and below grayish fine-grained main-stem French Creek flood
deposit, South Dakota. Photograph by Jim 0'Connor, U.S. Geological Survey.
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sediments, differing in physical and mineralogical proper-

ties (Natural Resources Conservation Service, 2014). In the
field, buried soils typically can be identified by relatively dark
horizon or organic material (A horizon) that originally was the
vegetated terrace surface of the older terrace (fig. 13).

Wang and Leigh (2012) and Leigh (2018) successfully
used grain-size measurements and particle sorting in com-
bination with the gaged record to identify time intervals of
large floods preserved in low terraces on the Little Tennessee
River, North Carolina and Georgia, and relict terraces on
the Tennessee River in Alabama (Davis and others, 2019).
Although estimating temporal resolution and accurate dis-
charge estimates are challenging, this method can be com-
bined with SWDs to produce a more robust history of flooding
(fig. 14).

Terraces As Non-Exceedance Bounds

Once frequent inundation of terraces by floodwater
ceases and fluvial sediment stops regular accumulation, the
characteristics of the deposits change over time. When soils
begin to form, bedding features and deposit contacts can be
blurred or lost by bioturbation from plants and animals, and
accumulation of organic material. Terrace surfaces can become
heavily populated with mature vegetation that can obscure
unit contacts and surface topography. Surface features such as
overflow channels become smoother over time and, if a terrace
is adjacent to a slope, the terrace will start to develop slope
drainage features such as channels and gullies perpendicular to
the main channel. These stable terrace surfaces may mark the
upper limit of flooding since inundation ceased (fig. 14). If that
time duration can be determined, the terrace elevation (and
associated discharge) can be used as a flood non-exceedance
bound (Levish and others, 1996; England and others, 2006;
England and others, 2010; Harden, 2013; Harden and Bauer,
2014). Discharges associated with non-exceedance bounds
can have considerable uncertainty because of the difficulty in
determining the depth of the floodwaters needed to inundate
the stable terrace surface and leave a recognizable trace either
from deposition of flood sediments or erosion of the terrace
surface (England and others, 2010). The depth of inundation
and associated discharge values have been estimated by calcu-
lating the critical shear stress for mobilizing surface sediment
particles (Godaire and Bauer, 2013) or applying an arbitrary
depth (typically 1 m) above the terrace surface (England and
others, 2010) with the assumption that shear stress values
would be high enough to modify the surface sediments of most
fine-grained alluvial terraces at that depth (Levish, 2002).

Non-exceedance bounds, if appropriately applied in a
flood-frequency analysis, can provide powerful constraints on
the flood-frequency distribution. However, caution is needed
when inferring the absence of floods from the absence of evi-
dence. The most rigorous non-exceedance bound assessments

account for inundation depths required for initiating erosion
or deposition of the stable terrace surface by considering the
shear stress or stream power exerted by a range of flows, or
by comparing with effects of historical floods (England and
others, 2006). Even these assessments can have large uncer-
tainties because they typically do not consider soil cohesion
and the “armoring” effects of a vegetated surface. The Bureau
of Reclamation (Levish and others, 1996; Levish and oth-

ers, 2003; England and others, 2010; Godaire and Bauer,
2012a,2012b) and U. S. Army Corps of Engineers (Kelson,
Hall, and others, 2018; U.S. Army Corps of Engineers, 2020b)
commonly apply non-exceedance bound assessments in their
paleoflood analyses of flood risk for dam safety operations and
other substantive projects.

Age Determination

A key component to understanding the frequency of large
floods preserved in a geological record is determining the
length of record and the timing of individual floods. In most
cases, development of a paleoflood site chronology requires
a combination of geochronologic age-determination meth-
ods. Most detailed paleoflood assessments typically develop
flood records of durations on the order of thousands of years
(O’Connor and others, 1994; Hosman and others, 2003;
Harden and others, 2011; Greenbaum and others, 2014; Lam
and others, 2017; Harden and others, 2021).

Radiocarbon Dating

Numerical dating methods aim to establish the tim-
ing of individual floods. Such dating may target individual
flood deposits or the intervening non-flood deposits in order
to establish a minimum or maximum age of an underlying
or overlying flood deposit. Radiocarbon dating is the most
common numerical age-dating tool used in paleoflood stud-
ies. Organic materials such as wood, charcoal, seeds, or leaf
fragments are entrained by floods and commonly deposited
in conjunction with inorganic sediment in flood sequences.
Additionally, flood deposits may cover or be covered by veg-
etation or organic cultural materials. These types of materials
can be radiocarbon dated, thereby providing information on
the age of enclosing or bounding flood deposits.

Plants incorporate atmospheric carbon, including the
radioactive isotope carbon-14 (4C), through photosynthesis.
The systematic loss of “C from plant tissue by radioactive
decay begins immediately at the rate of the “C half-life of
5,730 £40 years. Thus, a radiocarbon analysis dates the time
of carbon assimilation into plant tissue as measured by the
amount of remaining '“C relative to the stable carbon-12 (12C)
isotope. Typically, these measurements are made by accelera-
tor mass spectrometry (Vogel and others, 1984).
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Figure 13. Buried soil between two flood deposits from Kettle Creek, Colorado. Photograph by Jeanne
Godaire, Bureau of Reclamation.

Stable terrace showing signs of soil development

{8 Low terrace with flood channel
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Bedrock

Figure 14. Schematic diagram showing a relatively older stable terrace with developed soils, a relatively
younger terrace with a well-developed flood overflow channel, the active channel with gravel bars, and a
series of slack-water deposits along the channel margin on the bank opposite the terraces.
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An inherent assumption is that the time of carbon
assimilation of organic material associated with a flood deposit
closely approximates the time of the flood. In some cases,
particularly for durable organic materials, the time of plant
death may significantly precede the deposit age. Consequently,
the radiocarbon age of organic material within a flood deposit
is a maximum limiting age for the flood, and organic materi-
als associated with deposits of accumulated materials between
floods provide a maximum limiting age for the overlying
flood deposit. To reduce potential errors resulting from dating
materials substantially older than the associated flood deposits,
ideal samples for radiocarbon analysis are materials not likely
to persist long in open environments, such as short-lived plant
fragments, pine needles, and leaves. In certain situations, how-
ever, the only suitable organic materials are of types that may
have persisted for many years, even centuries, before being
entrained into a flood deposit. Charcoal and large wood frag-
ments are particularly susceptible to yielding erroneously old
ages because of their potential persistence and reworking by
multiple floods but, owing to their more common presence in
sediment deposits, they often are used in radiocarbon analysis
(Blong and Gillespie, 1978). Precise identification in the labo-
ratory of organic material collected in the field also can help in
selection of which organic samples would be most successful
for radiocarbon analysis (for example, charcoal from a short-
lived maple compared to charcoal from a long-lived pine).

In addition to uncertainties resulting from the history and
stratigraphic context of a dated sample, analytical and calibra-
tion uncertainties affect radiocarbon dates. There is inherent
imprecision in measuring the laboratory-calculated age, rang-
ing from +10 years to +50 years (Clague, 2015). In addition
to the unavoidable uncertainty in the laboratory-calculated
radiocarbon age, the ratio of '“C to '2C in the atmosphere, bio-
sphere, and hydrosphere has varied; consequently, radiocarbon
ages based on the historical ratio diverge from true calendar
ages even with well-established radiocarbon datasets (for
example, Reimer and others, 2009). This uncertainty becomes
larger further back in time and in most cases, the uncertainty
in the calibrated age ranges is greater than the precision of
radiocarbon age ranges (Clague, 2015). For radiocarbon ages
less than about 300 years, the resulting uncertainties in the
calendar age are especially large because of the large and
varying quantities of 12C released into the atmosphere by
anthropogenic burning of fossil fuels (Walker, 2005). Samples
of organic materials photosynthesizing after A.D. 1950 have
particularly high '#C levels because of substantial '“C intro-
duction into the atmosphere by above-ground weapon nuclear
testing, distinctly marking post-1950 samples—commonly
termed “modern” or “post-bomb.” Radiocarbon dating can

reliably date organic material younger than about 50,000
years although uncertainty increases at the extreme end of the
age range.

Optically Stimulated Luminescence

Optically stimulated luminescence (OSL; Aitken, 1998;
Rhodes, 2011) is a dating technique that indicates time elapsed
since the burial of deposits, principally quartz and feldspar
minerals. Sediments containing, or proximal to, naturally
occurring radioactive isotopes (such as uranium, thorium, and
potassium, common in most soils and sediments) are exposed
to low levels of radiation (Walker, 2005). OSL dating relies on
the accumulation of free electrons derived from the decay of
such radioisotopes within structural defects in the crystal lat-
tice of a mineral grain. The longer a mineral grain is exposed
to a radiation source, such as being buried in sediment with
radioactive isotopes, the more trapped electrons accumu-
late (Bradley, 1999; Walker, 2005). When a mineral grain is
exposed to light, the electrons are stimulated and released
from the crystal lattice. Under laboratory conditions, the
number of electrons released can be measured and correlated
to the amount of time the crystal has been buried, thus giving
a burial age. If sediment entrained by a flood is exposed to
light (“bleached”) before or during entrainment, the electron
traps will be emptied, only to begin accumulation when buried
within a flood deposit. In such cases, the measured age, as
indicated by subsequent electron accumulation, represents the
age of the depositing flood. The capacity of the minerals to
store electrons in their crystal lattice and the dose rate of the
environments typically limit the useful age of OSL samples
to no more than 200,000-400,000 years, although uncertain-
ties are large and may exceed 10 percent for very old ages
(Rhodes, 2011; Wallinga and Cunningham, 2014).

Sampling and analysis involve collection and analysis of
fine sand-sized sediment from a target deposit, avoiding expo-
sure to light (fig. 15A; Porat, 2006). Multi-grain luminescence
measurements are common (fig. 15B8); however, developments
in OSL instrumentation are reducing the sample size to indi-
vidual quartz and feldspar grains (Duller and Murray, 2000;
Botter-Jensen and others, 2000; Jacobs and others, 2015).
Analytical protocols have improved the application of OSL
dating for alluvial deposits (Murray and Wintle, 2000; Wintle
and Murray, 2006), resulting in numerical dating of years to
hundreds of thousands of years with age uncertainties within
5-10 percent, even for young deposits (<300 years) (Ballarini
and others, 2003; Duller, 2004; Arnold and others, 2009;
Wallinga and Cunningham, 2014).
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Figure 15. Optically stimulated luminescence (OSL) sample collection of fine sediment
under a dark cloth in southern California (A) and the typical representative sample size
for luminescence analyses of fine silt grains (B). Each disc is 1 centimeter in diameter.
Photographs by Dave Miller (A) and Shannon Mahan (B), U.S. Geological Survey.
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Research has highlighted the importance of selecting suit-
able sample locations (Rodnight and others, 2006). The tech-
nique can be hampered in the following situations: (1) wherein
the proper species of quartz are not present in the deposits and
(2) for floods where the transported sediment was not bleached
or only partially bleached by exposure to light (Harden and
others, 2021) because of high turbidity levels from sediment-
rich floodwaters, the sediment traveled a short distance, or
because the flood occurred at night. If the duration of the
exposure is insufficient for full bleaching or resetting, the
measured signal will not be a true indicator of the elapsed time
since the flood of interest (Bailey and others, 1997). However,
under appropriate conditions, OSL dating can be an important
tool, especially for deposits (1) containing little or no organic
materials or (2) younger than 300 years old, for which calibra-
tion issues render radiocarbon dating imprecise.

Dendrochronology

Tree rings often are used to date sediment-based paleo-
flood determinations. See section, “Botanical Paleostage
Indicators,” for more information.

Cesium-137

Another technique used to date more recent fluvial depos-
its is cesium-137 (¥7Cs) (Ely and others, 1992; Harden and
others, 2011). Atmospheric 13’Cs was produced during nuclear
weapons tests, with smaller amounts from nuclear reactor
waste and accidental releases such as at Chernobyl, Ukraine,
in 1986. Thus, 13’Cs production and deposition began about
1945 and peaked about 1963 (Holmes, 1998). The presence
of 137Cs in flood deposits signifies a post-late 1940s age and
offers a cost-effective method to distinguish modern flood
deposits from older deposits, making it a practical method to
characterize the chronology of sediments that have accumu-
lated within the last 100 years (Jeter, 2000).

Relative Dating Methods

Relative age-dating of flood deposits can be helpful in
determining the sequence of flood events. One method, strati-
graphic superposition, relies on the principle that older depos-
its will underlie younger deposits in undisturbed stratigraphic
settings. Nevertheless, younger flood sediments commonly are
inset against older deposits, producing sequences of younger
and lower flood deposits buttressed against older and higher
deposits. Weathering characteristics such as desert varnish

(a dark coating of minerals and oxides found on exposed

rock in arid climates), desert pavement (closely packed rock
fragments on the surface in arid environments), weathering
rinds of clasts (the chemically altered outer layer of a rock),
and archeological material can be indicative of relative age in
some settings (Dorn, 1994; Knuepfer, 1994; Kohn and others,
2016). Soil development also has been used as a relative age-
dating technique (Markewich and others, 2017) in paleoflood
studies (Ostenaa and others, 2001), especially for stable
terrace surfaces in reconnaissance-level studies. Many soil
properties (color, thickness, texture, structure, minerology, salt
accumulation) change over time (Birkeland, 1984; Holliday,
1988). Knowledge of the rate of change of these properties in
a particular study area can sometimes be used to determine the
relative age of the deposit.

Other Methods for Determining Chronology

The largest floods typically have the largest effects on
landscapes and leave multiple physical and botanical records.
The establishment and growth of riparian vegetation along
river corridors are controlled by hydrogeomorphic processes
(Everitt, 1968; Bedinger, 1971), including flood magnitude
and duration, flow velocity, and sediment transport fluxes
(Osterkamp and Hupp, 1984). Resulting botanical conditions
provide a context for linking flood sediments and geomorphic
surfaces with flood timing and magnitude. Along rivers, caves,
rock shelters, and terraces are commonly the sites of recurrent
human occupation. At such sites, archaeological features may
be used to infer floods and date flood episodes. More modern
human artifacts, such as beer cans and other datable trash
(fig. 16; House and Baker, 2001; Sabol and others, 2021),
pottery (Benito and others, 2003) and even socks (Harden and
others, 2011) have provided numerical age constraints on flood
deposits.

Cave deposits of speleothems (for example, a stalactite or
stalagmite) have shown potential for documenting and dating
paleofloods (Denniston and Luetscher, 2017). In appropriate
cave environments, floods are recorded by detrital layers
trapped within speleothems. Reconstructing cave chronologies
has been done primarily using uranium-thorium (U-Th)
dating techniques, albeit with high degrees of uncertainty
(Carolin and others, 2013; Moseley and others, 2015). In some
instances, U-Th dating has been aided by identifying annual
banding in speleothems through fluorescence or mineralogy
as well as through seasonal cycles of oxygen isotope
ratios or carbon (Dasgupta and others, 2010; Frappier and
others, 2014).
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Location of the beer can (A) imbedded in the stratigraphic exposure (B) along the Verde River, Arizona. Diagnostic

features of the can, such as the opening and label, can be used to date the flood deposit. In this case, the can indicated that this
flood deposit s likely from a 1965 flood. Photographs by Kyle House, U.S. Geological Survey.

Overall Flood Chronology

Integrating the stratigraphy and chronology of multiple
paleoflood study sites, although at times challenging, enables
the determination of an overall flood chronology for a river
reach (see example 2 sidebar). Rarely does a single site yield
complete information. Commonly, one or two sites have
lengthy and well-dated records of multiple large floods. The
records from such sites typically are the primary informa-
tion sources for associated flood-frequency analyses (Harden
and others, 2021). Such “benchmark” sites generally are

augmented by more fragmentary records at other sites, such
as sites at higher elevations preserving records of larger floods
(Harden and others, 2011). Correlation of flood deposits
among sites is a critical step, necessary to avoid under- or
over-counting of floods. Such correlations typically are based
on deposit elevation, age, and physical characteristics of the
sediment such as minerology, grain size, color, or thickness.
Uncertainties in the resulting correlations are common but can
be carried through into flood-frequency assessments.
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Example 2—Tennessee River Flood Chronology

Establishing an overall flood chronology for each river, or
river reach, is an essential component of a paleoflood analy-
sis. An overall flood chronology correlates flood deposits at
all sites based on the stratigraphy, sediment characteristics,
age, elevation, and associated discharge. A flood chronology
supported by several sites also adds confidence to the final
flood-frequency analysis and overall results of the paleoflood
chronology. The overall flood chronology for the Tennessee
River near Chattanooga, Tennessee, is shown in figure Ex2.1
(from Harden and others, 2021). Eight individual paleofloods
(P1-P8) are identified from 39 flood deposits at 15 sites. The
15 sites represent a wide range of flood stages and deposi-
tional environments over a 12-mi stretch of the Tennessee
River. In the field, the initial site selection was based on the
elevation of high-water mark evidence of the 1867 histori-
cal flood previously documented by the Tennessee Valley

Authority (1940, 1961). In
figure Ex2.1, the deposits at
the Turkey Blind and Jeff-n-
Steph sites all correspond to
discharges of about 460,000 cubic feet per second, close to
the discharge of the 1867 flood. The benchmark sites on this
reach are Red Flower, based on the presence of the larg-

est flood in the record, and the Jeff-n-Steph site, based on
the long record of large floods (the highest site in elevation
with the most complete record of floods). Only the four flood
deposits outlined in black were combined with the historical
and systematic record for the final flood-frequency analysis.
The other four paleofloods were either too low in elevation
(P4, P5, and P6), and, therefore, well-represented by the
systematic record, or too old to confidently extend the record
of individual floods (P1).
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Figure Ex2.1. Overall flood chronology of Tennessee River below Chattanooga, Tennessee, correlating

flood deposits at 15 sites. Boxes with same color are deposits left from the same floods. Site TBM4 has
two colors because it is unclear which flood that deposit represents. Sites are shown relative to discharge
magnitude. Historical 1867 flood magnitude is shown as horizonal line.



Botanical Paleostage Indicators

Botanical evidence of large floods is available mostly
in records preserved by trees and their growth rings. Several
characteristics of tree rings make them useful for documenting
the occurrence and magnitude of paleofloods. Many spe-
cies, especially in temperate regions, form one ring per year
allowing annual temporal resolution of disturbance. Flooding,
impact of debris, and sediment deposition cause predict-
able changes to ring width and ring anatomy. Some of these
changes are localized on the trunks of trees as scars, adventi-
tious roots, or multiple stems growing from a parent trunk
allowing estimates of flood stage. Living trees often are cored
in order to examine their growth rings. However, timbers
from historical building and archaeological sites and subfos-
sil logs buried in river alluvium can be used cored and may
extend records hundreds to thousands of years (St. George and
Nielsen, 2003).

e

Figure 17. Scars caused by floating ice impacting plains
cottonwood (Populus deltoides ssp monilifera) along the Missouri
River in the Missouri Breaks region, Montana. Arrow 1 points

to the lateral limit of the original injury; counting rings from this
point to the bark indicates that the injury occurred 7 years prior to
harvest of the tree. Arrow 2 indicates a location where the scar
has completely covered a flood injury, making it invisible from

the outside of the tree. Photograph by Jonathan Friedman, U.S.
Geological Survey.
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The type of flood evidence available from tree rings
depends partly on watershed characteristics. In large, rela-
tively humid watersheds, flood durations often exceed a few
weeks, causing anatomical changes in developing tree rings.
In small, steep, or arid watersheds, flood durations typically
are shorter, flow variability is greater (Wolman and Gerson,
1978), and floods are more likely to produce scars following
abrasion injury from floating debris. Tree rings are examined
in cross sections of trunks or roots, wedges cut from scars, or
cores collected with an increment borer. Use of tree rings in
paleoflood analysis is reviewed by Alestalo (1971), Shroder
(1980), Hupp (1988), Stoffel and Bollschweiler (2008), St.
George (2010), Diez-Herrero and others (2013), Merigliano
and others (2013), and Ballesteros-Canovas, Stoffel, and oth-
ers (2015). The following sections describe the different ways
in which botanical evidence acts as a PSI to infer paleoflood
date and magnitude.

Date and Elevation of Flood Scars

When floating ice, flood-transported boulders, or wood
collides with a tree, bark may be damaged or removed, and the
tree produces a characteristic scar to cover the injury (fig. 17;
Shroder, 1980; Tardif and Bergeron, 1997; Gibson and others,
2019). Examining the rings in the scar reveals the year and
sometimes the season of damage (Gottesfeld and Johnson
Gottesfeld, 1990), and the elevation of the top of the scar
is an approximate stage of the flood that carried the debris.
Measurements from multiple scars allow analysis of the
frequencies of different flood stages (Harrison and Reid, 1967;
Hupp, 1988; McCord, 1996; Fanok and Wohl, 1997). Because
the annual rings within scars are geometrically complex, they
often cannot be analyzed accurately from core samples. They
typically are collected by cutting a cross section of the stem
(fig. 17), or if this is too invasive, by cutting a partial cross
section or wedge that includes all years within the scar tissue.

Flood scars useful for paleoflood analysis can be col-
lected from any long-lived species with distinct annual rings.
Scarred trees may preserve flood data for centuries; McCord
(1996) used flood scars to reconstruct flooding along a Utah
stream back to year 1471. Use of flood scars to document
paleofloods may be complicated because of the limited loca-
tions on the floodplain where moving debris might encounter a
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tree (Gottesfeld and Johnson Gottesfeld, 1990), because large
floods may have removed scarred trees or because old scars
may heal over and become difficult to detect (fig. 17).

Death Date of Flooded Trees

When extended flooding kills a tree, there is no formation
of a scar. This prevents estimation of flood magnitude, but the
year of the flood may be determined by matching the pattern
of interannual variation in ring width of the dead tree with
those of living trees (Stokes and Smiley, 1968). Rot of outer-
most rings in the dead tree may result in underestimation of
the year of death. Yamaguchi and others (1997) used samples
from stems and roots to date flooding mortality of western red
cedar (Thuja plicata) due to subsidence caused by the 1700
Cascadia earthquake.

Alteration of Tree-Ring Anatomy by Flooding

Prolonged flooding for weeks or longer may affect the
typical seasonal transition of tree ring structure. A core taken
from a tree or a slice through an entire annual ring perpendicu-
lar to the direction of stem growth (fig. 18) viewed under mag-
nification shows abundant hollow circles or polygons of vary-
ing size. These shapes are cross sections of structures called
xylem vessels in broad-leaved trees or tracheids in conifers,
which transport water up the stem from the roots to the leaves.
The cross-sectional area of vessels or tracheids is limited by
the tendency of the water column they contain to break under
high tension during drought or freeze-thaw cycles (Pockman
and Sperry, 2000). Narrower vessels or tracheids can sustain
higher tensions, whereas wider ones transport water more rap-
idly. Therefore, vessels and tracheids normally are larger in the
spring, when water is more abundant (Panshin and de Zeeuw,
1980), than in the summer, when water is scarcer. Flooding

Early wood

Late wood

i

Spring

flooding

Figure 18.

Five annual rings from Oregon white oak (Quercus garryana) along the Columbia River, near

Portland, Oregon. Time progresses from left to right. Each annual ring begins with large early-wood vessels
seen as lighter circles and ends with small late-wood vessels appearing as dark material with less apparent
circles. The 1948 ring shows extended production of early-wood vessels as a result of spring flooding.
Photograph by Richard Thaxton, U.S. Geological Survey.



may alter this normal seasonal progression, allowing identi-
fication of flood rings (Wertz and others, 2013). This can be
seen in the 1948 ring in fig. 18, which shows extended produc-
tion of large early-wood vessels owing to spring flooding.

The anatomical characteristics of flood rings vary among
species and by season of formation (Yanosky, 1983; Hupp,
1988; St. George and Nielsen, 2003). Flood rings are most
obvious in ring-porous trees like oak (Quercus spp.) and
ash (Fraxinus spp.) that show a sudden transition from large
early-wood vessels to small late-wood vessels in normal
(non-flood) years (St. George, 2010; Yanosky, 1983). Flooding
of oak trees in late winter while trees are still dormant may
have little effect on ring anatomy (Wertz and others, 2013).
Flooding of oak trees in spring after leaf buds begin to swell
causes reduced diameter of early-wood vessels (fig. 19) and
extension of early-wood vessels into the late-wood (fig. 18)
(Astrade and Bégin, 1997; Wertz and others, 2013; Copini and
others, 2016). Summer flooding of ash causes enlargement of
late-wood vessels without affecting size of earlywood vessels
(Yanosky, 1983).

Where observation of flood rings is qualitative, it is
difficult to use them to quantify flood magnitude. However,
vessel diameter in Quercus can be used as a proxy for paleo-
flood magnitude (St. George and others, 2002; Therrell and
others, 2017). Furthermore, because flood rings are more
pronounced below the high-water surface (St. George and

Figure 19.
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others, 2002; Copini and others, 2016), it may be possible to
compare multiple sections cut at different heights to estimate
paleoflood stage, but this has not yet been accomplished. The
spatial extent of flooding can be determined by sampling trees
distributed across the floodplain (Yanosky, 1983; St. George
and Nielsen, 2003; Therrell and Bialecki, 2015), and the num-
ber or elevation of affected trees can be used as an index of
flood magnitude. Where flood durations are shorter than a few
weeks (such as in steep, small, or arid watersheds [Wolman
and Gerson, 1978]), formation of flood rings is unlikely. The
ability to distinguish flood rings from ring abnormalities
caused by other factors, including frost and insect outbreaks,
also is important (Sutton and Tardif, 2005).

Alteration of Tree-Ring Anatomy by Burial

Sediment deposited by a flood can bury some lower parts
of a tree stem. Sediment burial causes anatomical changes to
the rings in the stem, allowing dating of the flow event that
deposited the sediment. This effect has been used to date sedi-
ment deposition using green ash (Fraxinus pennsylvanica) in
Washington D.C. (Sigafoos, 1964), balsam poplar (Populus
balsamifera) in British Columbia (Nanson and Beach, 1977),
willow (Salix sp.) in northern Russia (Rubtsov and Salmina,
1983), tamarisk (7Tamarix ramosissima) in Texas (Dean and
others, 2011) and Colorado (Manners and others, 2014), and

Magnified part of a core showing a flood ring in an oak along the Red River in central Winnipeg, Canada.

Image shows rings formed from 1824 (on left) to part of 1828 (on right). Ring formed in 1826 shows flood-induced reduction
in the diameter of early-wood vessels. Photograph by Scott St. George, University of Minnesota; used with permission.
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Figure 20. Tamarisk (Tamarix ramosissima) stem cross-section cut 2.8 meters below ground surface along the
Rio Puerco, New Mexico. Following initial burial of 68 centimeters during a 1969 flood, ring-width decreased,
vessel size increased, and annual transitions became less distinct. After a second flood burial by 41 centimeters
in 1972, annual transitions became indistinguishable. Photograph by Jonathan Friedman, U.S. Geological Survey.



tamarisk and sandbar willow (Salix exigua) in New Mexico
(fig. 20; Friedman and others, 2005, 2015). When a stem is
buried, subsequent annual rings in the buried section resemble
the rings of roots; rings narrow, vessels within the rings
enlarge, and boundaries between rings become less distinct
(Friedman and others, 2005). These effects are limited to the
buried section of the stem, and do not extend above ground
level. Aerial exposure of roots caused by erosion at the base of
a tree causes the opposite effect; that is, development of stem
characteristics in the former root (Sigafoos, 1964).

The elevations of stratigraphic flood units exposed in a
trench may be projected to nearby trees. The trees can then
be excavated and sectioned just above each contact elevation,
and the date of burial can be determined for each section.
These data can be used to date sedimentary beds thicker than
about 30 centimeters (cm) with annual or subannual precision
(Friedman and others, 2005). When trees are excavated to date
flood deposits, the considerable time necessary to excavate
a tree can be leveraged by choosing trees located along a
floodplain trench and growing through the sedimentary units
of interest. Because the annual transitions often become
unreadable in deeply buried stems, it may be necessary to
cross-date buried sections of the stem with higher unburied
sections (Friedman and others, 2005). Additional complica-
tions of this method include the difficulty of excavating large
trees, rot in buried stems, the subtle effects of multiple shallow
burials, and the individualistic response of different stems. For
example, the effect of burial on ring anatomy may be more
pronounced on small stems than on large stems (Friedman and
others, 2005).

Flood deposition also may be dated by determining the
year and elevation of germination of a tree from buried stems
(Sigafoos, 1964; Helley and LaMarche, 1968; Hupp and
Simon, 1991; Strunk, 1997). To determine the time and net
amount of sediment deposited since establishment, a buried
stem is excavated to the establishment surface and the annual
rings at that surface are counted (Alestalo, 1971; Hupp, 1988).
Three anatomical characteristics can be used to identify the
establishment level of a tree. First, the establishment level
often is indicated in the field by the presence of large lateral
roots. Second, because stems have central pith, whereas roots
have none, the establishment level often can be determined
in the laboratory by locating the lowest cross section that
includes pith (Gutsell and Johnson, 2002). Third, the estab-
lishment level always is the oldest cross section of the tree.

If the tree is alive, the establishment year can be determined
by counting back from the present (Hereford, 1984; Scott and
others, 1997). If the tree is dead, the establishment year may
be determined by cross-dating with living trees (Karlstrom,
1988). The establishment date provides a maximum age of the
overlying sediment deposit and a minimum age of the underly-
ing deposit. Shortcomings of this method include the difficulty
of locating the wood produced in the first year of life, which
may be small, buried, rotten, or consumed by herbivores
(Everitt, 1968; Jacoby and others, 2008). Additionally, preci-
sion is reduced if a substantial period of time elapsed between
deposition of the overlying and underlying sediments.
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Alteration of Tree Rings by Tilting of Stems

Flow shear stress or boulder movement during extreme
floods can tilt stems in the downstream direction (Ruiz-
Villanueva and others, 2010), and the angle of tilt can be
related to flood magnitude (Ballesteros-Canovas, Marquez-
Penaranda, and others, 2015). Tilting reduces the light avail-
able to the tree and changes the direction of the gravitational
force with respect to the central axis of the stem. The tree
responds by asymmetrically adding wood to the stem cross
section in order to bend the stem back toward vertical. The
resulting stem cross section is radially symmetric in rings
formed prior to the flood and asymmetrical afterwards. The
year of the flood, therefore, can be determined by dating rings
back to the onset of asymmetry (fig. 21; Sigafoos, 1964; Hupp,
1988; Merigliano and others, 2013). By taking, at a minimum,
two cores in the direction of the tilt and in opposing direc-
tions, the anomalies can be observed and counted (Stoffel and
Bollschweiler, 2008). The tilted tree also responds chemi-
cally to the change in direction of gravitational forces in order
to prevent the stem from breaking or bending downward.
Conifers form compression wood with a heightened ratio
of lignin to cellulose on the underside of the stem, whereas
broad-leaved trees form tension wood with a reduced ratio
of lignin to cellulose on the top side of the tree (Stoffel and
Bollschweiler, 2008). The resulting chemical asymmetry also
could be used to date the flood event.

Flood-Related Anomalies in Ring Width

The width of individual tree rings may record the occur-
rence of past floods even without injury (scarring), burial, or
tilt. Relatively large rings indicate favorable growing condi-
tions. Annual growth increment can be influenced by many
factors, including temperature; availability of water, light or
nutrients; lack of oxygen in the soil (soil anoxia); death of
competitors; disease; or injury (Sigafoos, 1964; Stokes and
Smiley, 1968; Hupp, 1988). Because flooding may influence
most of these factors, linking annual growth to flooding can
be complex. Flooding may increase (Reily and Johnson, 1982;
Dudek and others, 1998) or suppress (Martens, 1993; Astrade
and Bégin, 1997) annual ring width. Mechanisms of growth
suppression by floods include development of soil anoxia
from prolonged inundation and physical damage to the tree.
Mechanisms of growth enhancement by floods include reduc-
tion of drought, elimination of competitors, and fertilization.
Where growth is chronically limited by water shortage, tree
rings record droughts better than floods (Meko and others,
2015; Schook and others, 2016). Ring-width may be more
sensitive to floods where growth is limited by water excess.
For example, where bald cypress is subjected to months of
flooding by stagnant water, soil anoxia reduces annual growth
(Keim and Amos, 2012), and larger floods can cause a stronger
width reduction.
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Figure 21.

Frontal (A) and cross section (B) views of tilted juniper tree along the Crooked River in Oregon used to date the

occurrence of a paleoflood there. Prior to the flood, the tree was vertical, and growth was symmetrical. The tree responded to flood
by tilting with asymmetrical growth. The onset of asymmetry occurred in 1861, a year of many recorded large floods in the Pacific

Northwest. Photograph by Jim 0'Connor, U.S. Geological Survey.

To investigate the occurrence of paleofloods, ring widths
in a set of riparian trees can be cross-dated and digitized, and
mean annual ring width during the period of streamgaging can
be correlated with flood magnitude or duration. This correla-
tion then can be used to estimate flood timing and magnitude
prior to systematic flow records. Because of the complex
relation between flooding and ring width, use of ring width
to document paleofloods must be based on an understanding
of the local relation between growth and flooding. For this
reason, ring-width data from trees selected for other purposes
are unlikely to be useful for documenting paleofloods. Other
proxies now are available from tree rings that could be use-
ful in paleoflood reconstruction, including wood density and
stable isotopes of carbon, oxygen, and hydrogen (Waterhouse
and others, 2000; McCarroll and Loader, 2004; Friedman and
others, 2019).

Establishment of Seedlings or Vegetative
Sprouts Following Flood Disturbance

Floods disturb and clear patches of the floodplain,
creating opportunities for establishment of riparian trees as
seedlings or sprouts from damaged stems or roots (Sigafoos,
1964; Jacoby and others, 2008). If such flooding was cata-
strophic and removed or killed all prior trees, the age of the
present trees is a minimum estimate of the number of years
since the flood that created the disturbance (Sigafoos, 1964;
Everitt, 1968; Merigliano and others, 2013). Because larger
floods tend to disturb larger areas (Miller and Friedman, 2009)
than smaller floods, the area occupied by forest established
in a given year is an estimate of flood magnitude in or prior
to that year. Paleofloods can be discovered by determining
establishment years of a representative sample of trees across
the floodplain (Merigliano and others, 2013), and then finding



years or decades with anomalously large areas of forest
establishment (Everitt, 1968; Friedman and Lee, 2002). When
applying this approach, the selected river reach must be large
enough to be representative of the entire floodplain and rela-
tively free from levees or riprap that restrict channel migration
(Edmondson and others, 2014). Trees can be selected system-
atically or at randomly selected points to minimize sample
bias (Merigliano and others, 2013). Difficulties encountered
using this method include a delayed establishment following

a disturbance (Friedman and Lee, 2002), formation of a new
floodplain by processes other than flooding (for example, fires;
Scott and others, 1996), the time necessary for a stem to grow
up to the height above ground where the core was collected
(Schook and others, 2017), and imperfect preservation of old
trees because of mortality from multiple factors including river
migration (Merigliano and others, 2013).

Uncertainties Associated With
Paleostage Indicators

In appropriate circumstances, physical and botani-
cal evidence of flooding enables estimates of the number of
floods, their maximum stages, and their timing. However,
these estimates have associated uncertainties that may affect
resulting flood-frequency analyses and hydrologic hazard
analyses. Table 3 summarizes key uncertainties associated
with aspects of paleostage indicators, the likely consequences
of these uncertainties, approaches to quantification and evalu-
ation of the uncertainties, the effects of the uncertainties on
flood-frequency analysis, and strategies to help reduce such
uncertainties.

The assumptions and uncertainties in stratigraphic,
geomorphological and botanical PSIs mainly relate to (1) the
fidelity of the paleostage evidence to the actual maximum
flood stage, (2) the reliability of the stratigraphic or botanical
record in accounting for all floods above an identified stage
for a given period, and (3) the reliability of the chronologic
information in adequately defining the timing and duration of
floods and stratigraphic/botanical records. The magnitude and
direction of PSI uncertainties varies among the different types
of paleostage indicators, but they generally produce biases
tending toward underestimates of the number of floods and
their maximum stages and overestimates of record lengths
(table 3). Such uncertainty and bias are minimized by careful
site selection, using multiple sites of stratigraphic and botani-
cal analysis, careful and detailed stratigraphic and botanical
analyses, and extensive chronology, including multiple age
dating techniques and multiple analyses of key sites and
deposits.

Site selection can be improved by conducting a desktop
survey of topography and soils/geology of the study area prior
to conducting any field work. Modeling various flows such as
large historical floods or substantial flows in the gaged record
to estimate surface inundation prior to field campaigns can
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be helpful when locating potential sites (Kelson, Pearce, and
Kinder, 2018) as is coordinating with local hydrologic experts
familiar with the study area. Landowners can sometimes pro-
vide evidence of past peak flow elevations of notable floods to
help determine stage information for large floods. This infor-
mation can then be used to help determine the elevation range
when initially selecting paleoflood sites.

Stratigraphic Uncertainties

Uncertainty of the agreement between measured strati-
graphic elevation and the actual flood stage of the event is
difficult to validate (Jarrett and England, 2002). Stable bound-
aries and evidence of stability owing to lack of aggradation
and degradation helps to reduce uncertainty due to geomor-
phic river change over time (Benito and O’Connor, 2013).
Confined river systems also provide sensitive stage-discharge
relations that reduce uncertainty in flood-discharge estimates.
For terraces and floodplains, the original elevation of the flood
deposits might be altered by vegetation, drainage, or human
modifications.

Uncertainties in the stratigraphic record can be caused by
indistinct boundaries between flood deposits. Interpretation
errors in identifying the breaks between floods can result in
the overestimation or underestimation of the number of floods.
Because stratigraphic analysis requires evidence of time
between flood deposits, floods that occur close together in time
may be counted as a single flood. Floods also may not leave
a deposit or barely exceed the last deposit elevation and may
not be recorded. Preservation bias, by which younger deposits
are more readily found than older deposits, also can cause
gaps in the stratigraphic record owing to local depositional or
erosional environment. Bedrock or confined river systems can
provide better preservation of stratigraphic and geomorphic
records of paleofloods and reduce the risk of erosion or depo-
sition unrelated to floods that might cause reworking of the
flood deposit and blur unit contacts (Kochel and others, 1982;
Stoffel and Bollschweiler, 2008).

Uncertainty in the stratigraphic record, involving the
paleoflood stage and count, can be reduced through examina-
tion of multiple sites and by focusing analyses on the largest
floods, and in a time frame that has the most complete record
in order to reduce these biases (Hosman and others, 2003;
Harden and others, 2011; Harden and others, 2021).

Chronologic information for sediment deposits is gained
using relative age dating techniques such as soil development
and superposition, and numerical age dating techniques such
as radiocarbon analysis and OSL. Relative and numerical age
dating techniques can have large uncertainties. However, in
flood-frequency analysis, the precise age of the flood deposits
is much less critical than knowing how many floods exceeded
a certain threshold in a specific period of time (Blainey and
others, 2002; Harden and others, 2021). Uncertainty in flood
chronology is reduced if multiple age dating techniques are
used and the flood stratigraphic sequence is well-defined
(Jarrett and Tomlinson, 2000; Harden and others 2011, 2021).
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Table 3. Key uncertainties of paleoflood analysis and strategies for reducing them with respect to four aspects of paleostage

indicators.

[Relation to peak flood stage: AEPs, annual exceedance probabilities; FFA, flood-frequency analysis; PSI, paleostage indicator. Geochronology: '“C,
carbon-14; NEBs, non-exceedance bounds; OSL, optically stimulated luminescence]

Paleostage Indicators

Relation to peak flood
stage

Incomplete or uncertain
stratigraphic record

Botanical (tree) record

Geochronology

Major issues (key
uncertainties)

Deposits typically
represent minimum
estimate of peak
flood stage in most
situations. Maximum
flood stage often is
difficult to accurately
estimate.

Not all large floods may
leave evidence at
all sites; records of
individual deposits are
obscured by post-flood
processes (for example,
bioturbation, channel
change, erosion).

Length of record limited
to age of trees, usually
less than a few hundred
years, although this can
be extended through
analysis of dead trees
buried or in structures.
Scars can give precise
estimate of maximum
stage, but flood rings
cannot.

Erroneous age assessments;
dating of reworked carbon
or dating of carbon moved
deeper into stratigraphic
section by bioturbation; poor
14C resolutions for last 300
years; OSL analysis of par-
tially bleached sediment.

Likely conse-
quences

Possible underestima-
tion of peak flood
stage associated with
PSL

Possible underestimation

of the number of floods.

No information on floods
prior to tree establish-
ment. Large uncertainty
in discharge estimation
from flood rings.

Actual age of paleofloods
or NEBs may differ from
laboratory analysis, likely
producing overestimate of
flood ages in most cases.

Approaches to
quantification
and evaluation of
uncertainty

Bracket discharge
estimates; evalu-
ate historical flood
deposits relative to
known peak stages;
do sensitivity analysis
in FFA.

Multiple sites and eleva-
tions. Sensitivity analy-
sis in flood-frequency
analysis.

Use early-wood vessel area
or proportion of trees
affected to quantify flood
magnitude from flood
rings. Use scar eleva-
tion to estimate flood
elevation.

Numerical uncertainty range
comes with laboratory
result. Sensitivity analy-
sis associated with plau-
sible age ranges. Multiple
analyses of single deposits.
Selection of methods based
on expected ages, availabil-
ity of usable organics, risk
of differential bleaching, and
post-depositional sediment
mixing. Examine wood of
dead trees to extend record.

Effects on flood-
frequency
analysis

Could lead to underesti-
mating flood magni-
tude at low AEPs.

Variable. Depends on
record length and

robustness of paleoflood

record.

Variable. Could lead to
a minimal reduction
in uncertainty in flood
magnitude estimates.

Variable. Depends on record
length.

Uncertainty reduc-
tion strategies

Use evidence of large
historical floods to
help determine the
relation between PSIs
and peaks. Examine
PSIs at multiple el-
evations per reach.

Increase number of sites
examined. Do detailed
stratigraphic analysis.

Examine multiple trees
from multiple sites.

Apply multiple dating meth-
ods, use multiple dates and
redundancy on key units and
selective material choices
for radiometric and OSL
dating.




Dendrochronological Uncertainties

Paleoflood observations derived from tree rings typically
have narrow interval estimates with respect to time and wider
estimates with respect to discharge. Although tropical species
often do not produce annual rings, most temperate zone spe-
cies produce one ring per year. If samples are cross-dated to
verify occurrence of any false and missing rings, then the date
of an event observed within a ring is known to be within the
year that ring was produced. Because growth can be observed
within a ring before or after formation of a flood scar, the flood
that formed it may be dated to within one to several months.
Where paleoflood determinations are based on the establish-
ment of seedlings on flood deposits, the interval estimate may
be 1 decade or more depending on the delay between the flood
and subsequent tree establishment and the time necessary for
the tree to grow to the height at which it was cored (Schook
and others, 2017). For acceptable statistical analysis, National
Centers for Environmental Information (2020) recommend 20
trees per site, with consideration of climate signal and study
purpose. Two samples (bores) per tree are recommended to
cross-date within the tree. For most methods, increasing the
number of trees sampled and sampling undisturbed trees for
reference or cross-dating are useful in reducing uncertainty of
flood estimates (Stoffel and Bollschweiler, 2008). Uncertainty
also is caused by the opportunity for trees to be damaged
or ring width to be affected by factors unrelated to floods,
including lightning, fire, disease, animals, and falling debris.
Confusion from non-flood botanical PSIs can be minimized by
collecting samples from multiple trees for each event and by
limiting collection of scars to locations where flood damage
is likely to occur, such as the upstream or stream-facing sides
of trees adjacent to the channel (Ballesteros-Canovas, Stoffel,
and others, 2015).

Interval estimates for flood magnitude vary with the tree-
ring technique applied (table 3). Relating the actual flood stage
to the elevation of a PSI can be uncertain. The top of a flood
scar can provide a precise estimate of flood stage, although
it may underestimate the peak stage because the injury may
have happened before or after the peak. However, this source
of error has been shown to be small (Gottesfeld, 1996;
Ballesteros and others, 2011). Conversely the elevation of the
scar may overestimate the peak stage (Yanosky and Jarrett,
2002) because of impact by debris protruding above the water
surface or because of the local increase in water surface on
the upstream side of a tree caused by momentum runup where
velocity is high. For this reason, error in estimated flood stage
may be greater in samples collected at the outside of bends
(Ballesteros-Canovas, Stoffel, and others, 2015; Ballesteros-
Cénovas and others, 2016). Collection of multiple scars per
flood event allows quantification of that error and reduces
uncertainty.
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Change in tree-ring anatomy caused by burial provides
a precise estimate of the top of flood deposition, but then the
depth of flow depositing that sediment must be estimated
by a hydraulic model. Flood rings typically provide a less
precise estimate of flood magnitude than burial or scars. Flow
magnitude can be estimated by the proportion of trees show-
ing a flood ring, the height along the stem to which the effect
is observed, or the magnitude of the change in vessel diameter.
Where flood magnitude is estimated from ring width, the inter-
val estimate depends partly on the strength of the correlation
between ring width and flow during the period of gage opera-
tion. Such correlations typically are non-linear and generally
weak because of the many factors other than floods that can
influence ring width. When paleofloods are indicated by a
large area of forest of a particular age, inferences about flood
magnitude depend on collecting a representative sample of
trees and on quantifying the relation between flood magnitude
and rates of channel change (Merigliano and others, 2013).

Uncertainties in capturing the entire botanical record of
floods and correctly establishing the dating of events include
tree longevity and likelihood for a PSI to be observed. Tree
longevity is a major limit on the length of record for paleo-
flood estimates from tree rings (table 3). Therefore, correct
quantification requires collection of data on the age of trees
recording paleofloods as well as the age of the oldest trees
present at the site capable of recording paleofloods. Riparian
trees generally range in age from decades to several hundreds
of years. Because dead trees can be cross-dated with living
ones, the time period of inquiry can be extended using dead
trees preserved on the ground, in log buildings (St. George and
Nielsen, 2003), underground (Stambaugh and Guyette, 2009),
or underwater (Gennaretti and others, 2014). The uncer-
tainty associated with cross-dating is reduced using skeleton
plots (Stokes and Smiley, 1968) and algorithms for detecting
errors (Holmes, 1983). Schneuwly-Bollschweiler and others
(2013) demonstrated the use of a data-noise index and spatial
distribution indices to optimize tree selection for reduction of
uncertainty.

Creation and likelihood of observation of botanical PSIs
is limited by a site, flood characteristics, and time since the
flood events. For flood scars, the flood magnitude must be
large enough to entrain the debris that causes the physical
injury leading to flood scars. However, injuries forming scars
in trees tend to heal over or cause tree death, which can result
in near disappearance of the paleoflood signal before the death
of nearby uninjured trees. Internal scars might be located by
careful inspection of the trunk for signs of disturbance and
focusing on likely surfaces based on geomorphology and
hydraulics of the site (Stoffel and Bollschweiler, 2008). A
single core through the scar may not include all the rings nec-
essary to date the injury; additional cores or collection of full
or partial stem cross sections may be necessary to reduce the
uncertainty of the scar timing.
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For detection of flood evidence in the micro-anatomy of
tree rings (flood rings), flood duration must be long enough
to cause the necessary physiological changes. A study of oak
trees along the Mississippi River determined that this duration
is at least 10 days (Therrell and Bialecki, 2015). Tree rings
may tend to record paleofloods in some seasons but not others.
For example, flood scars may be more likely in late winter
when ice is present, whereas flood rings will not form if the
flood occurs in the dormant season (St. George and Nielsen,
2002). To use buried tree rings to date stratigraphic flood units,
a minimal sediment deposit of about 30 cm is required to
cause alteration of the tree rings (Friedman and others, 2015).

Lake and Other Off-Channel Deposits

Lakes, wetlands, and closed basins also may preserve
stratigraphic records of floods (Knox and Daniels, 2002; Zhu
and others, 2005; Jones and others, 2012; Munoz and others,
2015; Toonen and others, 2015, Olivia and others, 2016). Such
sites may be especially useful in broad, low-relief landscapes
adjacent to rivers where the traditional PSI approach is less
effective because of the lack of sensitivity to stage-discharge
relations. Floodplain lakes and wetlands may accumulate
deposits when inundated by sediment-laden floodwater
(Toonen and others, 2015). Flood layers in these floodplain
depressions typically are coarser and contain fewer organic
materials than the surrounding sediment. These layers can be
preserved in the deep undisturbed areas of the basin and can
provide long records of flooding (Toonen and others, 2015;
Munoz and others, 2018).

Site Selection and Identification of Flood
Sequences

Lake deposit sites commonly are on river-flanking flood-
plains, and include oxbow lakes, sinkhole depressions, scour
holes, and paleochannels (Jones and others, 2012, Toonen and
others, 2012; Gutiérrez and others, 2017; Munoz and others,
2018). Typically, only floods above a certain stage will be
able to enter the basin, providing a defined stage threshold
associated with the deposits. For example, the elevation of a
natural levee surrounding an oxbow lake would define such a
threshold.

Deposits in such sites, especially ones that are con-
tinuously wet, often are extracted and examined by coring
(fig. 22). This requires stratigraphic and sedimentologic tech-
niques that differ from SWDs to define individual flood depos-
its. Typical methods include examining density differences,

magnetic susceptibility, grain size, and geochemical/miner-
alogical composition of the layers in core samples from the
sediment trap. As described in Wilhelm, Canovas, and others
(2018), specific methods include the following:

1. Laser diffraction or particle size analyzer for grain-size
analysis. This method is time consuming and is destruc-
tive to the core sample, but it can be used to identify an
increase in grain size (fig. 23) associated with increased
discharge magnitude during flood events (Parris and oth-
ers, 2010; Wilhelm, Canovas, and others, 2018).

2. Multi-sensor core loggers, resolution greater than or
equal to 2 millimeters (mm), to measure density and
magnetic susceptibility.

3. Micro-X-ray fluorescence (XRF) core scanners for
elemental composition. These scanners provide
micrometer-scale resolution, which makes detection of
very thin flood layers possible (Cuven and others, 2010;
Wilhelm, Canovas, and others, 2018). XRF measure-
ments use geochemical signatures as a proxy for grain
size, which, in turn, is a proxy for discharge. For exam-
ple, assuming a geochemical difference between coarse-
grained overbank deposits and fine-grained lake depos-
its, the ratio between zirconium (or silicon)—which is
associated with relatively coarse material—and titanium
(or iron, aluminum, potassium, and rubidium)—which is
associated with relatively fine material—can be used to
identify flood units (Jones and others, 2012; Schillereff
and others, 2014; Schillereff, 2015).

4. Medical- or industrial-type three-dimensional computer
tomography (CT) scans enable the detection of high-
density flood layers on sub-millimeter scale in organic-
rich background sediments.

5. Induced coupled plasma or X-ray diffraction have been
used in combination with CT and XRF scans for detailed
geochemical or mineralogical analysis.

Method selection is site specific and depends on sur-
rounding environmental characteristics including local geol-
ogy, site location, and type of sediment trap. For example,
X-rays may be the best option at sites with sizeable density
differences between the flood deposit and adjacent sediments
(Wilhelm, Canovas, and others, 2018). At a site with a geo-
chemical difference between relatively coarse-grained over-
bank deposits and fine-grained lake deposits, the ratio between
certain elements is linked with soil type and can be used to
identify flood units by using XRF measurements (Jones and
others, 2012; Schillereff and others, 2014; Schillereff, 2015;
Wilhelm, Ballesteros Canovas, and others, 2018).
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Figure 22. Floating rig used to sample cores from Barlow Lake (an oxbow of the Neches River), Texas. Photographs by
Samuel Munoz, Northeastern University, used with permission.
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Coarse-grained flood deposit

Figure 23. Core sample from Barlow Lake, Texas. Coarse-grained
deposit highlighted in photograph is evidence of a large flood.
Photograph by Samuel Munoz, Northeastern University, used with
permission.

Stratigraphic Analysis of Lake Deposits and Age
Determination

Stratigraphic analysis of lake deposits typically involves
the interpretation of core samples (fig. 24). For analysis of
slack-water and terrace/floodplain deposits, the objective is
to determine the number of deposits left by individual floods.
However, the lack of exposure of the stratigraphy provided
by a core (compared to a trench or excavation of a SWD
accumulation or terrace) requires more dependence on proxy
measurements of core properties. In lake sediments, uncertain-
ties are related to (1) the sediment availability from the basin
and affected by reduced mobility of sediments if floods occur

too rapidly in succession, (2) whether the sediment deposits
preferentially in the basin rather than running off to the lake
during large scale floods, and (3) the effects of human land
use on sediment supply (Wilhelm, Ballesteros Canovas, and
others, 2018).

Most flood sequences from lakes and basins are dated by
the same approaches used for slack-water and terrace deposits,
including radiocarbon dating and OSL. Cesium-137 (1¥7CS)
and lead-210 (2'9Pb) also have been used for dating young
deposits (Aalto and Nittrouer, 2012; Wang and Leigh, 2012).
If annual layers, or varves, are present and distinguishable in
the sediment, they can be counted to determine flood ages.
Pollen analysis of various units can help define the period of
flooding by the presence or absence of time-indicator species
such as maize, rye, or pine (Toonen and others, 2015).

More recently, variations in the geomagnetic field indi-
cated by the orientation of magnetic particles in the sediment
when those particles were deposited have been explored as
an option to date flood sequences (Barletta and others, 2010;
Wilhelm, Canovas, and others, 2018). Geomagnetic variations
along the core samples are compared to the geomagnetic vari-
ations by the Earth’s geomagnetic field. Much like tree-rings,
these unique features serve as chrono-markers that can reduce
uncertainties in age (Wilhelm, Canovas, and others, 2018).

Hydraulic Analysis

A key aspect of any quantitative paleoflood study is the
estimation of flood magnitudes associated with PSIs. In most
analyses, discharge estimates derive from the assumption that
the position of the paleostage or historical flood evidence—
whether it be a flood deposit, tree scar, or flood mark on a
building—is related to the peak of the flood. The elevation of
a flood deposit gives a minimum estimate for the peak stage of
the emplacing flood (Baker, 1987; Kochel and Baker, 1988).
In SWDs, the highest deposits left by a specific flood may
closely approximate the peak stage (Webb and others, 2002),
although maximum flood stages may exceed the highest
deposits in many cases (Harden and others, 2011). Estimates
of the peak discharge are obtained by relating stage evidence
given by the elevation of the paleoflood deposit to channel
geometry by hydraulic calculations. These calculations typi-
cally are based on modern channel and valley topography,
roughness, and slope. This approach requires assessment of
the assumption that changes in channel geometry have been
sufficiently small during the time represented by the strati-
graphic record to not substantially affect calculations of flow
rate associated with specific deposit elevations. This assump-
tion likely is valid in stable bedrock reaches but seldom holds
for alluvial reaches with mobile channels, particularly for time
periods of hundreds to thousands of years.
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Figure 24. High-resolution scan of a 9- centimeter core
showing chemical and sedimentological differences in fluvial
and lake deposits, taken from Horseshoe Lake (an oxbow of
the Mississippi River), lllinois. Dark deposits generally are
organic-rich lake deposits and light deposits are mineral-rich
fluvial deposits indicating high flow events. Photograph by
Samuel Munoz, Northeastern University, used with permission.
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The hydraulic analysis method used to estimate flood
discharge associated with flood evidence depends on the type
of paleoflood evidence, project objective, and the desired
accuracy of the overall analysis. Several common methods
of hydraulic analysis used for paleoflood investigations are
described in the following sections.

Data Requirements

Critical elements needed for any hydraulic calculation are
accurate channel and floodplain geometry and precise eleva-
tion of the flood evidence relative to the channel. Roughness
(and other energy-loss factors) also are important for most
hydraulic analysis techniques and are discussed in more detail
in section, “Manning’s n Roughness Coefficient.”

Channel Geometry

The most influential parameter in the relation between
discharge and flood stage is channel geometry, including
longitudinal slope (O’Connor and others, 1986). Channel
geometry can be obtained either by (1a) direct survey of chan-
nel cross sections by Real-Time Kinematic-Global Positioning
System (RTK-GPS), (1b) total station, or (1c) other accurate
survey methods, or (2) by remotely sensing data such as lidar
or photogrammetry. Horizonal and vertical accuracy can vary
greatly for different methods but more accurate channel geom-
etry generally will lead to more accurate discharge estimates.
In many cases, vertical accuracy of less than 0.5 m is consid-
ered ideal, but this figure can vary. Horizontal accuracy is less
critical on the floodplain, where changes generally are gradual.
Typically, PSI elevations are measured directly in the field by
RTK-GPS or other precise survey techniques.

For paleoflood applications, the channel geometry at
the time of the flood—possibly thousands of years ago—is
of interest. For floods in bedrock-bound fluvial systems
and occurring within the Holocene epoch of the last 11,700
years, the present valley geometry commonly is assumed to
adequately represent the channel conditions at the time of
flooding (for example, Ely and Baker, 1985; O’Connor and
others, 1986; Benito and others, 2003; Thorndycraft and oth-
ers, 2005; Harden and others, 2011; Greenbaum and others,
2014). However, an assessment of this assumption (including
evaluation of evidence for recent aggradation or degrada-
tion, large-scale mass movements in the reach of interest, and
anthropogenic channel modifications) is important for the
overall uncertainty analysis. Hydraulic analysis of paleofloods
in river channels where flow-boundary geometry is uncertain
requires specific consideration of plausible ranges of channel
geometry at the time of flooding. This is particularly true for
alluvial or bedrock rivers where there may have been incision,
widening, aggradation, or lateral migration since the paleo-
stage evidence was emplaced.
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Techniques for Paleohydraulic Calculation

Several methods are widely used to estimate flood
discharge associated with specific stage and channel condi-
tions (O’Connor and Webb, 1988; Webb and Jarrett, 2002;
Kutija, 2003; Lang and others, 2004). As outlined below, they
range from simple hydraulic equations, such as Manning’s
equation, to one-dimensional or multidimensional hydraulic
modeling. The approach used for a particular site depends on
local hydraulic conditions and data availability and requires
an understanding of flood hydraulics and suitability of model
application. For example, for locations with limited geometry
data, a simple hydraulic analysis using a single or few cross
sections might be more suitable than a more complex two-
dimensional (2D) model. However, in locations with compli-
cated channel geometries and detailed topography data, a 2D
model may be the best choice.

Gradually Varied Flow

The most common paleoflood analysis situation is that of
gradually varied flow (O’Connor and Webb, 1988; Webb and
Jarrett, 2002). River channels typically are irregular in shape
and surface roughness, leading to nonuniform flow condi-
tions. A one-dimensional (1D) solution to the energy equation
generally is used to compute the water-surface profile in the
direction of flow.

The simplest gradually varied flow analyses assume a
steady state (constant discharge) for which flow depth var-
ies with distance but not with time (Chow, 1959). For such
situations, calculations of water-surface profiles are based
on solving the conservation of mass and energy equations in
their 1D forms. The step-backwater method, or standard step
method (Chow, 1959; Henderson, 1966), for gradually varied
water-surface profile computation is the typical approach used
to relate a water surface to discharge (O’Connor and Webb,
1988). This solution to the energy balance between adjacent
cross sections is used to compute water-surface elevation step-
ping up the channel from a downstream boundary condition.

Available public-domain computer codes, such as the
USACE Hydrologic Engineering Center River Analysis
System (HEC-RAS; U.S. Army Corps of Engineers, 2016)
software, allow for calculation of water-surface profiles for
specified discharges and energy-loss coefficients. From these
calculations, water-surface elevations are computed at specific
cross sections for a given discharge. Model runs at multiple
discharges can be used to develop synthetic stage-discharge
rating curves at sites of interest, which can be used to estimate
paleoflood discharge from the elevation of a deposit or other
high-water evidence.

Many of the limitations of traditional 1D hydraulic
models for paleoflood studies (Cunge and others, 1980; Bates
and De Roo, 2000) have been overcome through the applica-
tion of 2D hydrodynamic models (Denlinger and others, 2002;
Ballesteros-Céanovas and others, 2010; Turzewski and oth-
ers, 2019). Advances in modeling approaches, computational

software, and high-resolution topographic data acquisition
now make such models more practical for applied paleoflood
studies. 2D models including SRH2D (Lai, 2008, 2009) and
HEC-RAS 2D (Brunner, 2016a) have been used extensively
for paleoflood studies by the Bureau of Reclamation (Bauer
and Klinger, 2010) and the USACE (Kelson and others,
2017b). These 2D models typically leverage high-resolution
digital elevation data derived from terrestrial or airborne lidar
to produce better estimates of flow stage and velocity associ-
ated with large flows, particularly in environments of sub-
stantial secondary and cross-valley flow currents (Denlinger
and others, 2002). Two-dimensional models have been used
to estimate shear stress on stable terrace surfaces used as
non-exceedance bounds, which can be helpful for estimating
the depth of flow needed to cause erosion of the surface and,
therefore, leave a record of inundation (Levish and others,
2003; Godaire and Bauer, 2012a).

Manning's Equation

Manning’s equation (Chow, 1959) was developed to
evaluate uniform flow conditions (whereby flow properties do
not change in the downstream direction) of straight channels
with uniform slope and regular width. This equation typically
is applied to a representative cross section, and generally is
applied for reconnaissance-level investigations because of its
many assumptions and large uncertainty. Manning’s equation
for Imperial units, based on discharge, O, in cubic feet per
second (or cubic meters per second in the International System
of Units, SI), is (Chow, 1959):

0 = Kariys, (1)

where

R is the hydraulic radius (cross-sectional area
divided by the wetted perimeter in the units
of feet for U.S. customary units and meters
for International System [SI] units),

A is the cross-section area (in square feet for
U.S. customary units and square meters for
SI units),

Sy 1s the friction slope (dimensionless),

n is the Manning’s roughness coefficient (in
units of second per cubed root of feet, s/
ft'3, in U.S. customary units and second
per cubed root of meters, s/m'3, in SI
units), and

k is the units conversion factor (1.49 for U.S.
customary units and 1.0 for SI units).

Where overbank flow occurs, Manning’s equation is com-
puted separately for each overbank subarea. This approach has
produced discharge estimates based on heights of tree scars
and gravel bars (Jarrett, 1985; Rico and others, 2001).



Manning's n Roughness Coefficient

Most hydraulic computations involving flow in open
channels require an evaluation of the roughness character-
istics of the channel (Barnes, 1967). Roughness is the bulk
parameter that not only accounts for energy loss attributable to
friction with bed particles, but also includes the influences of
vegetation, channel morphology, and obstructions to flow. In
most hydraulic analyses, from simple calculations for single
cross sections to multidimensional hydraulic models, rough-
ness is expressed as Manning’s n roughness coefficient. In
natural channels, Manning’s n values typically range from
0.02 for bedrock channel bottoms to 0.15 for heavily forested
overbank areas. Higher values (0.20+) for thickly vegetated
overbank areas are not uncommon is some parts of the United
States (Aldridge and Garrett, 1973; Conyers and Fonstad,
2005). See Barnes (1967) and Arcement and Schneider (1989)
for examples of Manning’s n values for natural channels and
overbank areas.

Critical Flow

Another specific flow condition is critical flow (indi-
cated by Froude number equal to 1), which occurs when flow
is constricted or subject to substantial slope increase and
passes through a state of minimum specific energy as it moves
though a channel contraction or slope break. Unlike super-
critical (which rarely occurs in natural rivers—see Jarrett,
1984; Grant, 1997; Costa and Jarrett, 2008) or subcritical flow
(for which the solution is based partly on channel slope and
roughness), critical flow has only a single solution for depth
for a specific discharge and channel geometry. If critical-flow
conditions can be inferred and associated with paleostage
evidence, they can provide robust discharge estimates (Webb
and Jarrett, 2002) because the controlling parameter is channel
geometry and is independent of slope and roughness. Critical
flow is more common in stable bedrock channels. A common
situation in bedrock fluvial systems is flood sediment accumu-
lation upstream from constrictions, where flow is controlled by
the reduction in width, promoting upstream hydraulic pond-
ing and deposition of the suspended sediment and bedload. In
these situations, the maximum-stage evidence can be related to
discharge by assuming critical flow in the channel contraction,
based on the assumption that the elevations of the flood depos-
its in the controlled reach upstream indicate the total energy of
the flow (for example, O’Connor and others, 2001). Critical-
flow conditions, although uncommon, can occur in steep
mountain streams with alternating pools and steep reaches that
result in longitudinal accelerations and decelerations through
the critical threshold (Grant, 1997). The critical-flow method
requires the field selection of sections fulfilling the conditions
of critical flow that can be verified by flow modeling. Because
of the specific conditions required to use the critical-flow
method, this method has been used primarily in reconnais-
sance or scoping-level studies.
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Flow Computation Directly from Sedimentary
Deposits

An alternative approach to estimating flood discharge,
which does not consider channel geometry and other hydrau-
lic variables, is based on the thickness and grain size of flood
deposits. This approach may be adopted for conditions where
the elevation of flood deposits is not likely to closely repre-
sent the flood stage, such as in lake deposits and low-lying
off-channel deposits, where water surface elevation cannot be
directly related to the elevation of the flood sediments. Two
methods to estimate peak flow have been developed (Wilhelm,
Ballesteros Canovas, and others, 2018). One method is based
on the assumption that larger floods leave thicker deposits,
whereas the other method assumes the larger the flood, the
coarser the sediment in the deposit. Unlike the hydraulic
analyses, there is no systematic methodology to estimate
flood magnitude using a specific proxy; instead, end-member
modeling (for example, Van Hateren and others, 2017) is
used to characterize flood magnitudes and age-depth models
(for example, Blaauw and Heegaard, 2012) to describe flood
frequency (Toonen and others, 2015; Wilhelm, Ballesteros
Canovas, and others, 2018). However, the relation between
grain size or deposit thickness and flood magnitude is not
consistent from site to site within the same reach or between
sites in different depositional environments (Jenny and others,
2014; Kéampf and others, 2014; Wilhelm, Ballesteros Canovas,
and others, 2018). Other complicating factors such as chang-
ing sedimentation rates through time caused by climate and
human activities and the complex interaction of the two may
limit the feasibility of these proxy-for-proxy methods of esti-
mating flow for use in traditional flood-frequency analyses for
low-AEP events. These analyses do, however, yield peak-over-
threshold (values that exceed a certain threshold) recurrence
time estimates for specific flood magnitudes (Toonen and
others, 2015).

Flow Uncertainty Determination

Uncertainties related to hydraulic modeling are domi-
nated by three major factors: (1) the appropriateness of the
choice of hydraulic model or calculation approach; (2) uncer-
tainty in hydraulic model parameters such as flow roughness
coefficients and boundary conditions; and (3) the relation
between the modeled topography to that of the topography
at the time the paleostage or historical flood evidence was
emplaced (table 4). Most of these uncertainties can be system-
atically evaluated and incorporated in multiple flood scenarios
by means of sensitivity testing (Harden and others, 2021). For
flood-frequency applications using paleoflood data, uncer-
tainty in flow magnitude is more important than uncertainty in
dating (Strupczewski and others, 2014), so characterizing and
minimizing this uncertainty is essential, particularly for high-
level decision-making.
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Table 4. Key uncertainties of paleoflood analysis and strategies for reducing them with respect to hydraulic modeling aspects.

[Model selection: 1D, one-dimensional; 2D, two-dimensional; 3D, three-dimensional. Energy-loss coefficients: HMWs, high-water marks. Abbreviation: PSI,

paleostage indicator]

Hydraulic modeling

Model selection

Channel geometry

Energy-loss coefficients

Major issues (key
uncertainties)

Different model computation algorithms
may produce different stage-discharge
relations for PSIs owing to assump-
tions and methods. Simple models
require assumption of normal or criti-
cal flow. 1D models assume gradu-
ally varied flow in a single preferred
direction with slow variation across
the river. 2D models capture more
complex circulation, but still cannot
resolve vertical flow variations.

Channel geometry at time of PSI
emplacement may be differ
from the geometry (typically
modern) used as basis for hy-
draulic calculations. Lack of
accurate and detailed bathym-
etry and topography. Datum
inconsistences, particularly
between joined topographic
datasets.

Unknown values for model param-
eters such as Manning's n; expan-
sion/contraction loss coefficients.
If model is calibrated to smaller
flows and energy-loss, coefficients
change with flow depth.

Likely conse-

In most cases, differences are likely to be

Variable, depending on degree

Produce uncertainty in stage-

quences small, although single-cross-section of channel change. In cases of discharge relations for specific
uniform-flow estimates can vary sig- incising or eroding channels, PSIs, resulting in discharge un-
nificantly from calculations accounting will produce overestimates of certainty.
for non-uniform flow. Difference be- flood discharges associated
tween accuracy of model dimensions with PSIs.
depends on complexity of flow.
Approaches to Compare multiple model results if fea- Sensitivity analysis in hydraulic Sensitivity analysis in hydraulic
quantification sible or appropriate for level of study. model. Inspection of model model.
and evaluation Compare with similar existing models results (larger uncertainties
of uncertainty if available. at cross sections that required
additional iterations, are spaced
too far apart, sudden Froude
number changes)
Effects on flood- Variable and dependent on assumptions  Variable, depending on degree Variable.
frequency and choice of model. of channel change, including
analysis volume increases from erosion
and decreases from deposition.
Uncertainty 1D models on simple reaches and 2D Select reaches with stable channel Sensitivity tests; model calibration
reduction or 3D models on more complicated boundaries; evaluate field or to large floods in the systematic
strategies reaches. For critical sites or situations, archival evidence for channel record or measured historical

apply multiple modeling or calculation
techniques.

change; do sensitivity testing
for plausible ranges in channel
conditions.

HWMs or flood profiles.




The uncertainties expected in using Manning’s equation
at a single section or the critical depth approach are not dis-
cussed in detail here but have been estimated as +25 percent of
streamflow at 0.01 AEP (Jarrett and England, 2002). That level
of uncertainty may be appropriate in reconnaissance-level
studies where large uncertainties are acceptable.

Selection of the type of hydraulic model used for a study
may be based on availably of data, project resources and time-
lines, and computational capacity. One-dimensional hydraulic
models generally are faster to build and run than 2D models,
but unreliable when it comes to sudden longitudinal changes
in velocity or width, such as at a channel constriction. Two-
dimensional models, however, require detailed topographic
data to converge and may have varying assumptions (Bodoque
and others, 2015).

Uncertainty in hydraulic model results can be linked
to selections of cross section and mesh design that chal-
lenge assumptions of the models. For gradually varied flow
assumptions in 1D, streams must neither be so steep as to
void the assumption of gradually varied flow nor so flat that
the large overbank areas have ponded areas or flow reversals.
Uncertainties will be larger if velocity or flow regime changes
suddenly, causing hydraulic jumps (Bodoque and others,
2015). Cross sections must be placed perpendicular to flow
and close enough to each other to prevent model instability,
but not so close that they cause wave steepening. Uncertainty
is reduced if spacing between cross sections (Ax) is smaller
than Samuel’s equation (Brunner, 2016b), which is a function
of longitudinal surface slope, S,, and bank full depth, D:

s Moo

Ax < = 2

In a case study looking at varied cross-section spacing
taken out of topography from lidar, Ali and others (2015) con-
firmed that spacing according to Samuel’s equation results in
similar depth at close-spaced cross sections, which increases
model stability.

Manning’s 7 is difficult to define and depends on many
factors. Flow models are sensitive to its determination, with
some models estimating 50 percent error in roughness causing
a 40 percent error in peak discharge estimates (Ballesteros
and others, 2011). Low-flow models are more sensitive to
Manning’s n than extreme flows represented by some paleo-
flood stages. However, data regarding roughness at such high
flows are scarce. Roughness also is flow-dependent and can
change at higher flows owing to the flattening of grassy veg-
etation or inundation in forested areas at the edge of the flood-
plain. Manning’s n also varies spatially across the channel and
floodplains because of the differences in morphology, material
compositions, and vegetation. In certain situations, separately
calibrating channel and floodplain roughness may be possible
(Winters and Baldys, 2011). Using a roughness coefficient
that is too high or too low may result in flow being errone-
ously modeled as supercritical (Bodoque and others, 2015).
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Roughness calibration data, typically a longitudinal profile

or discrete locations of water surface elevations and associ-
ated discharge values, should be based on reliable systematic
or historical data from large floods; however, these data may
have uncertainties similar to PSIs, such as rating extrapolation
as well as measurement uncertainties for HWMs and water-
surface profiles.

Topographic uncertainty can be reduced by using high-
resolution lidar, Structure from Motion surveys, and digital
topographic tools (Ostenaa, 2017). However, a substantial
source of uncertainty may be channel and floodplain changes
that have occurred between the time of the topography survey
and the time of the paleoflood (Benito and O’Connor, 2013).
Historical photographs, channel surveys, and maps may
provide insights regarding substantial changes in channel
geometry or channel and floodplain roughness that should be
accounted for in the hydraulic model. Underlying topogra-
phy and boundary conditions may need to be adjusted based
on post-historical modifications such as large-scale land-use
changes or the addition of roads, bridges, levees, or dams.
Choosing a study reach with as little human modification as
possible reduces these types of uncertainties.

If a pre-existing hydraulic model for a river reach is
adopted for use in a paleoflood study, careful evaluation of
model suitability is appropriate because many such models
are designed for floods of lower stages than those of interest
in a paleoflood study focused on rare and large magnitude
floods. In particular, it may be necessary to extend model cross
sections to higher elevations, extend the model domain to a
longer reach, or add more reaches to achieve convergence on
a normal-flow solution. Additionally, model roughness values
may need to be recalibrated for flows that best represent the
paleoflood record.

Flood-Frequency Analysis

A flood-frequency analysis is a statistical analysis used to
estimate AEPs and characterize uncertainty for specific flood
magnitudes. The analysis is based on the systematic peak-
streamflow record combined with historical and paleoflood
data. Analysis results are used in probabilistic flood-hazard
assessment (PFHA) methods such as calibration of hydrologic
models and scaling of hydrographs as discussed in appendix 2.
Flood-frequency analyses typically are conducted from an
annual series of peak discharges measured at a streamgage.
For most flood-frequency analyses, the annual peaks are
assumed to be independent and identically distributed, and
their probability distributions can be fit using parametric
methods (Asquith and others, 2017). In other words, the peak-
flow series are assumed to be stationary, meaning that they
can be described by a probability distribution with parameters
(such as mean, variance, and skew) that do not change over
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time. These analyses are the basis for local flood recurrence
estimates used for engineering design and regulation, such
as the 0.01 and 0.002 AEP floods, which also are termed the
“100-year” and “500-year” floods, respectively.?

A challenge in flood-frequency analysis has been to
effectively incorporate specific characteristics of historical
and paleoflood data and associated uncertainties (Stedinger
and Baker, 1987; O’Connell and others, 2002). New statisti-
cal approaches, using concepts of censored observations,?
address these data characteristics, enabling effective use of
paleoflood and historical data in flood-frequency analyses.
Nevertheless, a consistent, widely adopted procedure was not
available until the recent adoption of Bulletin 17C by the U.S.
Advisory Committee on Water Information, Subcommittee on
Hydrology (England and others, 2018).

Historical and paleoflood data are commonly sparse
but often represent the large floods for which consideration
will improve assessment of the frequency and magnitude of
the largest floods. However, not all historical and paleoflood
estimates are of the same quality. Many past flood-frequency
analyses used point estimates for paleo and historical peaks, as
these estimates could be readily incorporated in the analy-
sis software. With the availability of improved software,
paleoflood and historical flood-magnitude estimates can be
expressed as interval estimates. In contrast to point estimates
(for example, 10,000 ft3/s), interval estimates are expressed as
a range of values (for example, 8,000—-12,000 ft3/s). Intervals
are a more accurate way to express the uncertainties in the
timing and magnitude of paleo and historical peaks compared
to systematic gaged peaks. Where robust paleo and historical
flood information is available, estimates of the magnitude and
uncertainty of extreme events may be improved (Greenbaum
and others, 2014; Harden and others, 2011; Ryberg and others,
2020). Paleo and historical flood information also can intro-
duce and inform questions about nonstationarity* and separate
peak flows into separate populations based on the dominant
weather or climate processes that produced each peak (such
as rare events caused by atmospheric rivers) that complicate
flood-frequency analysis (Harden and others, 2015; Ryberg
and others, 2020). For example, the interval and point esti-
mates for paleofloods on the Escalante River near Escalante,

2 The use of such terms as the “100-year flood” can confuse or unintention-
ally mislead those unfamiliar with flood science. Because of the potential con-
fusion, the U.S. Geological Survey, along with other agencies, is encouraging
the use of the AEP terminology instead of the recurrence interval terminology
(Holmes and Dinicola, 2010).

3 Values less than a particular threshold, such as the minimum gage detec-
tion value; or values that are larger than a particular threshold, such as the
value at which a streamgage is overtopped; or interval censored values that are
known to be greater than some value, yet less than a maximum value (Leese,
1973) in conjunction with observations categorized with respect to precision
and perception thresholds or bounds (for example, Stedinger and Cohn, 1986).

4 A statistical description of a series with mean, variance, skew and (or)
other parameters that change over time.

Utah, are large compared to the observed record and seem to
create a discontinuity in the distribution of peak streamflow
(fig. 25).

Bulletin 17C

The United States has been publishing flood-frequency
guidelines since 1967 (Water Resources Council, 1967;
Interagency Advisory Committee on Water Data, 1982).
Current guidelines are provided in what is known as Bulletin
17C (England and others, 2018). The history of the develop-
ment of such guidelines is noted in Bulletin 17C (Ryberg
and others; 2020; Rumsey, 2015). Specifically, Bulletin 17C
replaces Bulletin 17B (Interagency Advisory Committee
on Water Data, 1982). Notable changes are the provision of
a more generalized characterization of flood data, includ-
ing a description of flood peaks as intervals; adoption of
the expected moments algorithm (EMA; Cohn and others,
1997) to fit peak data to a parametric distribution; use of
an improved low-outlier test, thus enabling better fits to the
observations of large floods; and correction of the calculation
procedure for determining accurate confidence intervals.

Bulletin 17C adopts the EMA to fit a log-Pearson Type III
(LP3) statistical distribution (a distribution defined by a mean,
variance, and a skew) to a series of peak flows at a gage.
Software that implements Bulletin 17C analyses includes the
USGS software PeakFQ (Flynn and others, 2006; Veilleux and
others, 2014) and the U.S. Army Corps of Engineers HEC-
SSP software (U.S. Army Corps of Engineers, 2019). Earlier
methods that incorporated the use of paleoflood data include
FLDFRQ3, a Bayesian method (O’Connell and others, 2002,
and likelihood methods including Stedinger and Cohn (1986).

Other fitting methods and statistical distributions can
be used in flood-frequency analysis and are commonly used
outside the United States (such as the generalized extreme
value [GEV] distribution in Europe; Archer, 2010). Bulletin
17C guidelines generally are used by U.S. Federal agencies,
as well as by most U.S. State, local, and private organizations
(England and others, 2018). Therefore, this report focuses
on the Bulletin 17C approach of EMA and LP3 as the fitting
method and distribution used for incorporating paleoflood and
historical flood data in flood-frequency analyses.

Distribution Choice and Fitting Methods

The selection of appropriate distributions and fitting
methods for flood-frequency analyses are two active areas
of research in hydrology. The combination of LP3 and EMA
methodologies, as described in Bulletin 17C, have an impor-
tant advantage in that interval estimates are incorporated in the
analysis and software. The benefit of expressing historical and
paleoflood peaks as interval estimates is that doing so incorpo-
rates the uncertainties of PSIs.
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Station 09337500, Escalante River near Escalante, Utah
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Figure 25. Annual exceedance probabilities using systematic, historical, and paleoflood peaks and thresholds for U.S. Geological
Survey streamgage 09337500, Escalante River near Escalante, Utah. Modified from Ryberg and others (2020).

Analysts in countries outside the United States may have
guidelines or experience using other distributions and do
not necessarily prescribe a single distribution. For example,
Australian guidelines state the following:

There is no universally accepted flood probabil-

ity model. Many types of probability distributions
have been applied to Flood Frequency Analysis.
Unfortunately, it is not possible to determine the true
form of distribution (for example, Cunnane, 1985),
and there is no rigorous analytical proof that any par-
ticular probability distribution for floods is the correct
theoretical distribution. Given these considerations,

it is inappropriate to be prescriptive with regard to
choice of flood probability model.

(Kuczera and Franks, 2019).

Furthermore, because the upper tails of the distribution,
where paleoflood data usually lie, frequently have no gaged
observations, goodness-of-fit methods may not differenti-
ate between distributions. At those very low AEPs, model
uncertainty begins to outweigh sampling uncertainty (Nathan
and Weinmann, 2019). In such a case, when seeking design
values at very low AEPs, multiple distributions might be
weighted, as is practiced in seismic-hazard analysis (Xing and
others, 2017).

A selected set of probability distributions should be
consistent with available data. Because more than one set of
curves may fit the data well, overall fit across a region could
guide selection or weighting. L-moment diagrams, as shown

in Asquith and others (2017), provide a visual way to select a
set of curves. For discussion of other fitting methods, distribu-
tions, and examples using systematic data, see Asquith and
others (2017).

Identification of Perception Thresholds and
Non-Exceedance Bounds

The key change implemented by Bulletin 17C, as related
to paleoflood and historical data, is the incorporation of typi-
cally less-precise historical and paleoflood data in the flood-
frequency analysis. This is accomplished by allowing the flood
observations to be quantified as interval data, where flood
occurrence or non-occurrence for a particular year or series of
years is characterized with respect to “perception thresholds.”
Perception thresholds describe the range of peak discharges
that would be observed or recorded had they occurred during
specific time periods (see example 3 sidebar). Therefore, in a
Bulletin 17C analysis, all flood observations (gaged, histori-
cal, and paleoflood) are associated with perception thresholds
and provide a continuous dataset for EMA fitting. Selection of
perception thresholds requires careful integration of paleostage
indicators, their chronology, and a hydraulic analysis (and
associated uncertainties). Errors in defining perception thresh-
olds (table 5) will directly, and sometimes substantially, affect
resulting flood-frequency analyses. Much like reducing the
uncertainty in the overall flood chronology of a reach, error
owing to the selection of inappropriate perception thresholds
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(either too high or too low) can be reduced by investigat-

ing multiple sites at multiple elevations in the study area.
Sensitivity analyses accomplished by running multiple percep-
tion threshold scenarios in the flood-frequency analyses can
be used to characterize uncertainty (Harden and others, 2021).
In Margo (2017), uncertainty in the value and time period

of thresholds was represented by 25 combination scenarios.
Results indicated little change in the mean curve but larger
changes in confidence intervals.

For most gaging records derived from continuously
recording streamflow measurement stations, the lower bound
of the perception threshold likely is 0. The USGS reports all
annual peak discharges that are recorded, regardless of their
magnitude, although there may be periods of no information
in cases of interrupted gage operation. By assigning a lower
perception threshold of 0, the distribution fitting method has
a continuous series, regardless of positive evidence of a peak
flood magnitude.

The upper bound of the perception threshold represents
the largest peak flow that could potentially be recorded. The
upper bound generally is assigned a value of infinity, as the
upper bound often is not definitively known because there
are very few circumstances where a flood would be too large
to leave a record. More detailed information about percep-
tion thresholds is provided in Bulletin 17C (England and
others, 2018), including appendix 10 of that report, which
provides examples with data from streamgages and paleoflood
estimates.

Non-exceedance bounds (NEBs) are distinct from
perception thresholds in that they are specific periods of time
during which it is known that no flood has attained a specific
discharge (Levish, 2002). Unlike perception thresholds, NEBs
are not tied to specific flood observations. A common paleo-
flood example is the determination that a specific geomorphic
surface, such as a stable terrace, has not been inundated for
a defined period of time. The discharge required to inundate
(and somehow leave a trace) on that terrace is an NEB.

Example 3—Perception Thresholds and Non-Exceedance Bounds

Note: Much of the material in this example is from the review of Benito and others, 2020.

Perception thresholds are stages that indicate the range
of flows that would have been recorded had they occurred for
any given year over a specified time span (England and others,
2018). For example, a high cave in the side of a river valley
will only accumulate deposits from large floods high enough
to inundate the cave and leave a deposit (fig. Ex3.1). In this
instance, the perception threshold is the discharge (or stage)
associated with inundation, assuming that each inundation
results in an individual deposit. Thus, every year, the river of
interest can be characterized as having a peak discharge
either exceeding or not exceeding that perception threshold. In
figure Ex3.1, perception thresholds 1 and 2 relate to the eleva-
tions of the two slack-water deposit sites. The time periods for
the thresholds are defined by the time that the record begins
at each site. Such perception thresholds commonly vary with
time. For example, the cave might represent a perception
threshold for recording extreme floods going back thousands
of years, but the last several decades might be accounted for
with a lower perception threshold consisting of flood marks
on a bridge (fig. Ex3.1), assuming that each time flow stage
reached the bridge, a mark was made. The end member condi-
tion is a typical streamgage, for which the perception thresh-
old commonly is zero because the peak flow is recorded and
thus precisely known every year. For example, in figure Ex3.1,
perception threshold 4 is “0,” assuming that the streamgage
records all peak flows since the time it was established. All
perception thresholds critically rely on the assumption that all

floods exceeding the threshold are recorded. In this manner,
limits of flood magnitudes can be inferred for every year in
the record. Knowledge of how many floods exceeded speci-
fied perception thresholds and the durations for which each
perception threshold is valid as a flood recorder are more
critical for flood-frequency analysis than exact flood dates.
For example, the date of bridge construction could define the
beginning of a perception threshold. For deposit accumula-
tions, geochronologic evidence from sediment deposits could
define the perception threshold. Perception thresholds can
have upper bounds, indicating discharges so great that they
would not be recorded. Although upper bounds may be defined
for a single site, most comprehensive paleoflood analyses for
flood-frequency applications do not rely on the information
contained at only one site.

In comparison, “non-exceedance bounds” define
intervals for specific discharges that have not been exceeded
(Levish, 2002). Such bounds commonly are defined based on
stable surfaces with no indicators of recent inundation or deli-
cate landscape features unlikely to survive inundation, such as
a fine-grained tephra preserved on an outcrop flanking a chan-
nel, as illustrated in figure Ex3.1. The non-exceedance bound
associated with the volcanic tephra relies on the assumption
that the tephra would be eroded away if inundated by flood-
waters; thus, the lowest elevation of the tephra indicates
the maximum possible flood stage since emplacement of the
tephra.
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Figure Ex3.1. Concept of non-exceedance bounds and perception thresholds allowing for incorporation

of paleoflood and historical information in statistical analyses of flood-frequency. Modified from Benito and
others (2020).
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A historical example might be the knowledge that a bridge
built in 1840 has never been overtopped. The discharge
required to overtop the bridge would then be an NEB for the
period of time from 1840 to present. Although NEBs differ
from perception thresholds, they are treated the same by the
EMA analysis, which can lead to errors in the flood-frequency
analysis. By definition, floods (paleo, historical, or gaged) can-
not have a magnitude that is less than the associated percep-
tion threshold for that location and time period (for example,
the perception threshold for a streamgage at a specific site in
operation over a specific time period). For NEBs, all floods
have smaller magnitudes than their associated NEB. For
example, the PeakFQ software uses perception thresholds;
therefore, all paleoflood-discharge magnitudes must be greater
than their associated perception threshold.

Perception thresholds can reduce substantially the uncer-
tainty of the right-hand tail of flood-frequency distributions
and, in many cases, lead to more robust frequency and magni-
tude estimates of rare and large floods (O’Connell and others,
2002). Moreover, multiple perception thresholds from vari-
ous records (including paleoflood, historical, and systematic
measurements) can be incorporated in a single flood-frequency
analysis. Although application of perception thresholds can
be statistically powerful, care in their application is warranted
because they require certain knowledge of the completeness of
the underlying records. For example, if a minimum perception
threshold is defined for a certain period and the considered
record does not include floods that surpassed the threshold,
then the resulting flood-frequency assessment will be incor-
rect. This is an issue particularly when applied to geological
records of flooding because of the variety of mechanisms by
which large floods may fail to leave a recognizable deposi-
tional or erosional trace on a landform (Benito and O’Connor,
2013). Sensitivity analyses of plausible uncertainties of the
perception thresholds developed for a specific study will quan-
tify the uncertainties in the resulting flood-frequency analyses
attributable to the uncertainty in the completeness of the input
flow records. Such sensitivity analyses will provide impor-
tant information on the effects of uncertainty in the analysis
characterizing the quality of the source data and informing
decision-makers of that uncertainty, which is not carried
through in the standard Bulletin 17C confidence intervals.

Individual paleofloods used within the flood-frequency
analysis should be considered interval or censored estimates,
indicating that these floods typically have greater uncertain-
ties than those that are part of a gaged record. Bulletin 17C
guidelines recommend the use of flood-discharge intervals
for flood magnitudes estimated by paleoflood or historical
records, but not for flood-peak discharges computed by indi-
rect methods that are estimated to be within 5-25 percent of
the true magnitude (England and others, 2018). Quantification
of such uncertainties generally arises from consideration of the
uncertainties in the flow modeling.
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Peak-Streamflow Data Uncertainties and
Assumptions

To fully understand the uncertainties and assumptions in
flood-frequency analysis, one must understand the underlying
data. The next two sections describe uncertainty in gaged and
historical point estimate data.

Gaged Data

Annual peak-streamflow series are available from several
sources. The USGS provides annual peak-streamflow data
in what is known as the peak-flow file (PFF), https://nwis
.waterdata.usgs.gov/usa/nwis/peak, for more than 29,000
sites in the United States and its territories (U.S. Geological
Survey, 2020a). The Bureau of Reclamation, the USACE, and
State agencies also may have peak-streamflow information,
but they are provided on a river basin, project, or regional
basis (Advisory Committee on Water Information, 2018).

The following discussion focuses on USGS flow data, but the
concepts apply broadly.

Collection and interpretation of the data that result in the
annual peak-streamflow series are described in Wagner and
others (2017). The history of the peak-flow file is described
in Ryberg and others (2017). Notably, peak-flow values were
compiled and published in numerous USGS publications from
1906 to 1968 (Murphy, 1906; U.S. Geological Survey, 1952;
Wells, 1955; Green, 1964; Speer and Gamble, 1964a, 1964b,
1965; Wiitala, 1965; Barnes and Golden, 1966; Patterson,
1966; Patterson and Gamble, 1968; Tice, 1968). The USGS
began to systematically publish peak-flow values in the 1960s
in annual Water Data Reports, such as U.S. Geological Survey
(1962). In 1969, data contained in these publications were
entered into a computer database that became known as the
PFF (see Ryberg and others, 2017, app. 1). Annual peak-
streamflow values continued to be entered manually each year
as the annual peaks were determined. As with any database,
these manual entries were prone to errors, many discovered
during subsequent analyses of peak streamflow. The USGS
undertook an effort to improve the quality of the PFF by using
systematic screening methods that used comparisons to daily
flows, logical checks, and statistical analyses to flag potential
errors (Ryberg, 2008). The improvement of the PFF was docu-
mented in Ryberg and others (2017). This effort highlights a
first step in the technical review of PFHAs. The source of the
data must be documented and efforts, unless documented else-
where, should be dedicated to quality assurance of the data.

Another issue documented in the USGS PFF that may
or may not be documented in other sources is that not all
peak-streamflow values at a site are the same in terms of the
statistical population they represent (the flood-generating
mechanism, regulated or unregulated conditions) or in their
accuracy (some are based on estimates; table 6). As described
in Ryberg and others (2017), the USGS PFF has qualification
codes that provide additional information about the peaks.


https://nwis.waterdata.usgs.gov/usa/nwis/peak
https://nwis.waterdata.usgs.gov/usa/nwis/peak
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Metadata, to the extent available, should be compiled along
with peak-streamflow values used in probabilistic flood-hazard
assessment.

Use of Historical Data in Flood-Frequency
Analysis

The PFF does not contain paleoflood data, but it does
contain historical peaks that can bridge periods of system-
atic and paleoflood information. Historical and gaged peaks
in the PFF also can be verified by paleoflood studies. In the
PFF, historical peaks have a qualification code of 7; they are
the quantification of nongaged peaks based on a search of
archival material, such as historical newspaper accounts, for
large floods. Code 7 is for peaks outside the systematic gaging
record; that is, peaks determined before or after continuous

data collection at a streamgage or during extended breaks.>
These types of peaks are qualified because they are biased
toward large floods (table 6); they generally would not have
been recorded had the magnitude of the flood not been large.

Code 7 peaks traditionally were excluded from PeakFQ
(Veilleux and others, 2014) analyses using Bulletin 17B
methods unless the user specified a Bulletin 17B (Interagency
Advisory Committee on Water Data, 1982) historical record
adjustment. Using the EMA fitting method (Cohn and oth-
ers, 1997, 2001; England and others, 2018) in the USGS
flood-frequency analysis software PeakFQ, historical peaks
are included by default with a perception threshold and flow
interval that the user can modify.

SFor example, a nonsystematic peak would occur if a gap existed in the
record of a streamgage because of a lack of funding, but a large flood occurred
during that gap and the peak was determined and recorded in the database.

Table 6. Key uncertainties of paleoflood analysis and strategies for reducing them with respect to historical flood data and

streamgage data.

Historical flood data

Streamgage data

Major issues (key

Historical peaks have greater uncertainty than gaged

Not all peaks estimated at a streamgage have the same degree

uncertainties) peaks. Historical accounts may exaggerate floods of accuracy. If a very large flood prompts the extension of a
owing to perception. Datum inconsistencies. rating curve, the peak may have more uncertainty associ-
ated with it. Datum inconsistencies.
Likely Historical peaks are biased toward larger peaks Large peaks influence the flood-frequency curve and the prob-
consequences owing to perception bias, which may increase ability estimates of low-frequency floods.

magnitudes. If quantified as point estimates, this
implies that they have been measured/recorded
with the same degree of accuracy as gaged peaks,
which conceals actual uncertainty.

Approaches to

Historical peaks should be quantified as interval

quantification estimates (see the Example 4 sidebar for an
and evaluation of example of an investigation and reinvestigation of
uncertainty a historical peak). Historical peaks should be as-

sociated with a perception threshold; that is, some
knowledge that if peaks were above a particular
level during a particular historical period, they
would be recorded.

Revisit large peaks, even if they were gaged. A better rating
curve may exist now if the peak was recorded some time
ago. If uncertainty can be quantified, quantify streamgaged
peaks as interval estimates in the flood-frequency analysis.

Effects on flood

Large historical peaks can improve the estimates of

Streamgage data provide the basis for flood-frequency

frequency the upper end of the flood-frequency curve or they analysis curves. More streamgage data are likely to reduce

analysis possibly do not fit well in the distribution. uncertainty in the flood-frequency analysis, provided the
gaged data come from the same population of peaks. If
there is a change in the population of peaks, such as they
are now regulated, one may need to separate the peaks
into different distributions for analysis or perform a mixed
population analysis.

Uncertainty Multiple lines of evidence should support the Obtain as much streamgage data as possible, examine the
reduction historical peak. Additional historical peaks, or largest peaks to determine if current rating curves would
strategies information (for example, the peak in 1858 was provide the same estimate. Express peaks as interval

the largest since 1842) can provide additional
information about the frequency of large peaks.
Historical peaks should be evaluated as interval
estimates and can be used as historical perception
thresholds in the flood-frequency analysis.

estimates if uncertainty can be quantified. Understand the
population or populations the peaks represent (they may be
a mix of snowmelt and rain-generated floods or a mix of
regulated and unregulated peaks).




Computer storage capacity was a severe limitation
in 1969 and sources of information and uncertainty esti-
mates were not stored to help document historical peaks.
Additionally, the methods to include interval estimates in
flood-frequency analyses are a recent development and histori-
cal (and paleo) flood information have been stored as point
estimates, rather than interval estimates. Because these peaks
have a lower degree of accuracy than those obtained through
systematic streamgaging, they are better expressed as interval
estimates when additional information is available to deter-
mine the interval estimates (table 6).

Analysts should examine historical peaks to determine
whether there is sufficient information (some peaks have an
unknown day or year, or little documentation) to include in
flood-frequency analysis. Analysts should document other
sources of information about these floods, such as newspaper
accounts, USGS or other agency reports, and historical photo-
graphs. If enough information exists, point estimates from the
USGS PFF should be replaced with an interval estimate.

Flood-frequency analysis performed with historical
data should document the sources of the historical data and
describe how that information was used to set perception
thresholds within the flood-frequency analysis. The example 4
sidebar describes an investigation validating a historical peak.

Examples of Flood-Frequency Analyses
Performed with Historical and Paleoflood Data

Bulletin 17C provides extensive examples of flood-
frequency analyses in appendix 10 (England and others, 2018).
These examples include the use of historical and paleoflood
data. Ryberg and others (2020) also contained several exam-
ples of flood-frequency analyses with Bulletin 17C methods
and historical and paleoflood data. Examples of paleoflood
studies incorporating gaged, historical, and paleoflood data
include O’Connor and others (1994), Hosman and others
(2003), Benito and others (2004), Macdonald and Black
(2010), Harden and others (2011), Greenbaum and others
(2014), Lam and others (2017), and Harden and others (2021).

Uncertainties Not Treated by Bulletin 17C

Bulletin 17C does not include guidelines addressing
several challenges to the appropriate application of flood-
frequency analysis (table 5). These challenges include the
analysis of peaks that come from mixed populations. Mixed
populations are peak series that are not dominated by a single
flood-generating mechanism; the peaks are instead the product
of a mix of flood-generating mechanisms, such as mountain
snowmelt, convective storms, and atmospheric rivers (Sando
and McCarthy, 2018). Barth and others (2017, 2019) provided
a statistical framework for mixed population analysis in the
context of Bulletin 17C.

Flood-Frequency Analysis 53

Bulletin 17C does not include analysis methods for
nonstationary flood series (table 5). Many flood records
indicate changing conditions, thereby violating the stationarity
assumption common to most approaches of flood-frequency
analysis. Such changes commonly have anthropogenic causes,
such as regulation or urbanization, climate change, or natu-
rally occurring climatic persistence and shifts in climate states
(Potter, 1976; Cohn and Lins, 2005; Vecchia, 2008; Milly and
others, 2008; Olsen and others, 2010; Hirsch, 2011; Kiang and
others, 2011; Salas and others, 2012; Giil and others, 2014;
Razavi and others, 2015; Kolars and others, 2016; Ryberg and
others, 2020). Bulletin 17C outlines an exploratory analysis
that should be conducted, at a minimum, to determine if a
series is stationary, but does not indicate how sensitive a flood-
frequency analysis is to violations of the stationary assump-
tion. Furthermore, Bulletin 17C does not provide estimates of
the uncertainties associated with nonstationary flood series,
nor does it provide criteria for deciding if a different method
should be used. A paleoflood study-based flood-frequency
analysis should include an exploratory analysis of the series, a
determination of stationarity of the system, or a description of
the violation(s) of the stationarity assumption and a discussion
of the implications of any violations. If an alternative flood-
frequency analysis method is used, the analyst should describe
why that method was selected. Bulletin 17C methods do not
address nonstationarities, but other methods have success-
fully incorporated historical floods in time-varying models
(Machado and others, 2015).

Changes causing nonstationarity of systematic records
also affect paleo and historical flood records. Such factors
(including climate change, watershed changes, and flow regu-
lation) may affect the applicability of historical and paleoflood
records for assessing future flood frequency. Issues to consider
are the types of watershed changes, their plausible effects on
floods of interest, and the timescales of interest in the flood-
frequency analysis. For example, for situations in which the
frequency of large flood-producing storms has changed during
the last few thousand years because of quasi-periodic climate
oscillations (for example, Harden and others, 2015), a flood-
frequency analysis encompassing the period of climate change
might not be appropriate for understanding the annual exceed-
ance probability of a large flood within the next year or decade
because of nonstationarity issues, but it could be appropriate
for understanding the likelihood of floods over millennial time
periods encompassing such climate cycles, as might be the
case for evaluating the hazard to a nuclear waste repository.
Watershed conditions, and the consequent relation between
precipitation and runoff, also may have changed since the
paleoflood deposits accumulated. Studies with paleoflood data
should have some discussion of climate over the period of the
paleoflood analysis and the gaged record.
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Example 4—Validating a Historical Peak on the Colorado River at Lees Ferry, Arizona

The annual peak-streamflow series for USGS streamgage
09380000, Colorado River at Lees Ferry, Arizona, includes a
historical peak of 300,000 cubic feet per second on July 7,

1884 (fig. Ex4.1). This peak is qualified with peak streamflow-
qualification codes 2, 7, and E, indicating that (1) it is an
estimate (code 2); (2) it is historical (outside the period of sys-
tematic record, code 7); and (3) that the maximum peak is the
only streamflow available for that year (code E). The peak-flow
file (PFF) was not designed to include additional background or
metadata about the peak.

This measurement record has the additional complication
that peaks from water years 1963-2014 are affected by regula-
tion, as evident in the reduced peak magnitudes (fig. Ex4.1)
and in the PFF by being attributed with qualification code “6.”
If one were to perform a flood-frequency analysis using all the
data from this site, the flow beginning in 1963 would need to be
naturalized (the unregulated flow would need to be estimated)
to have a record of peaks representing a single (unregulated)
population or one would need to perform a flood-frequency
analysis under regulated conditions, with only the regulated
period. Assuming naturalized flows could be obtained, should
the historical peak be used in flood-frequency analysis?
Alternately, one could perform the flood-frequency analysis
using only the unregulated period prior to 1963.

The first step should be to obtain additional information to
verify this peak. Additional information is available in this case.
The method for estimating the high-water mark is unique but
does not preclude the ability to estimate a flood. Information

about the 1884 Colorado
River flood peak was
documented in LaRue
(1925, p.14):

Streamgaging site
09380000,
Colorado River
at Lees Ferry, Az

Jerry Johnson, who
was living at Lees
Ferry in 1884, relates
how he rescued

his cat, which was
marooned by the
flood and resting
uncomfortably in

the forks of an apple
tree. As he waded
out to get the cat, the
height of the water on the trunk of the tree was well
impressed on his mind. Assisted by Mr. Johnson, an
engineer of the Geological Survey ran a line of levels
from the apple tree and determined the probable
height of the flood of 1884 with reference to the gage
now installed at Lees Ferry. By extending a well-
defined rating curve for the Lees Ferry streamgage,
it was found that the flood of 1884 may have reached
a discharge of about 250,000 cubic feet per second.
This determination, though subject to some uncer-
tainties, was accurate enough for the purpose it
was intended to serve, as the probable error was no
greater than is inherentin flood estimates.
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Figure Ex4.1.
rado River at Lees Ferry, Arizona (USGS, 2019).

Annual peak streamflow, for U.S. Geological Survey (USGS) streamgage 09380000, Colo-



As shown in figure Ex4.1, the flood ultimately was entered
in the PFF as 300,000 cubic feet per second (ft%/s) along with a
corresponding stage of 31.5 feet (above local gage datum).

The flood has been reexamined and re-estimated several
times, including by Topping and others (2003, p. 29-31):

Estimation of the peak discharge of the 1884 flood
depends on accurate determination of maximum
flood stage and appropriate extrapolation of stage-
discharge rating curves to higher stages. The original
unpublished estimate of the peak discharge of

the 1884 flood at Lees Ferry was hetween 210,000
and 250,000 ft3/s (G.C. Stevens, unpublished U.S.
Geological Survey memorandum, May 28, 1925), and
this estimate was revised by Gatewood and Hunter in
1938 to 300,000 ft3/s. They made this revision because
they had revised the magnitude of the 1921 flood
upward; this revision resulted in a change in the
stage-discharge rating curve which, in turn, neces-
sitated revision of the 1884 estimate. Reevaluation

Outstanding Issues and Uncertainties

One inherent issue in the development of paleoflood
chronologies and associated hydraulic analyses is possible
underestimation of the number and magnitude of floods
(table 3). Stratigraphic records are seldom complete, and
elevations of most PSIs provide only minimum indications of
maximum flood stages. This underestimation bias is owing to
the reliance on positive evidence for floods, although this bias
is reduced using perception thresholds and non-exceedance
bounds, which provide general information about flood
magnitudes over a specified period of time. The investiga-
tion of multiple sites within each study reach in combination
with specifying ranges of plausible flood magnitudes helps
to minimize the bias of such factors, but the actual errors
remain unknown.

A fundamental question is the applicability of the paleo-
flood record, which for most rivers spans thousands of years,
to the present-day risk of flooding. Watershed conditions and
the consequent relation between precipitation and runoff also
may have changed in systematic, episodic, or cyclic manners
for the period during which the paleoflood deposits accumu-
lated. Long paleoflood records encompass past climate fluctua-
tions and a range of watershed conditions that may or may not
be representative of modern conditions. However, quantifying
how rivers have responded to past climate variations helps to
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of stage-discharge data indicates that the probable
range of the peak discharge of this [1884] flood was
between 199,000 and 228,000 ft3/s. Based on the esti-
mates at Lees Ferry [and] the revised estimate at the
Grand Canyon gaging station...the peak discharge
of the July 1884 flood, at two significant figures, was
approximately 210,000 +30,000 ft3/s at Lees Ferry and
through Grand Canyon.

This example highlights an important issue. Historical
peak estimates should not be considered chiseled in stone.
They should be considered written in pencil, given the infor-
mation available at the time. They often were calculated by
extrapolation from a stage-discharge rating curve based
on a short period of systematically observed peaks. If more
recent discharge measurements have been made, the stage-
discharge rating might be adjusted, and in the absence of
reliable information on the stage-discharge relation at the time
of the historical peak, the new rating curve might provide the
best estimate of the historical peak.

determine how they might respond to climate change in the
future. Another important issue to consider when conducting
paleoflood analyses is forest fire, which can enhance flood
magnitudes (Elliott and Parker, 2001; Johansen and oth-

ers, 2001). Applicability of study results to future watershed
conditions is another important question. However, as stated in
Greenbaum and others (2014, p. 5266-5267):

...[TThe question of climate and land-use change
applies to all risk analyses based on all real-world
flooding data, not merely to paleoflood data. [...] To
assume that changes in climate or land-use will inval-
idate the role of long-term records [of flooding] for
future, hazard designation presumes that there is little
or no information on those changes. It is the goal of
science to discover what those changes actually are,
and to use resulting information to improve under-
standing...[of] how and why these changes arise.

Because of such issues and uncertainties, broad con-
sideration of all factors and information likely will result in
the most complete assessment of flood hazards. Results from
comprehensive large-scale paleoflood analyses provide better
physically based information to determine low-probability
floods than the systematic and historical records alone, sub-
stantially improving estimates of the magnitude and frequency
of large floods in basins and better characterizing associated
uncertainty.
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Paleoflood Analysis and Review Levels

As paleoflood studies have become more common in
assessing probabilistic flood risks to critical structures, the
need emerges for guidelines to conduct and review such stud-
ies. In this section, we define three levels of paleoflood analy-
ses and review for PFHAs (table 7). The boundaries between
levels of analyses are purposefully ambiguous. The scope
and complexity of individual studies will vary depending on
project objectives, guidelines, and budgets. Nevertheless, this
categorization helps determine levels of effort involved in con-
ducting paleoflood studies as well as the degree of appropriate
technical review. As the analysis and review level increases
from 1 to 3, the number of reaches, sites, samples, and age
dating methods increases, and more complex hydraulic models
are used to estimate discharge, better quantifying uncertainty
(England, 2011).

The selection of the appropriate analysis and review level
depends on agency policy and project goals. Each increasing
level of analysis will add complexity to the study, such as an
increase in the number of sites in the study, the use of mul-
tiple dating methods, more complex hydraulic analyses, and
more complex quantification of uncertainty (table 7). Review
levels consider the size of project teams, planning efforts,
budget, and study objectives. The application of a consistent
and appropriate level of analysis and review, which correlates
to project objectives, is key to a successful and high-quality
study with reliable results.

Planning and logistics for a paleoflood study can range
from one or two specialists to a much larger group of scien-
tists, engineers, and technicians guided by a technical advisory
board. Paleoflood studies may involve field reconnaissance,
securing permits, gaining site access, and multiple field cam-
paigns depending on the level of analysis required. Typical
project teams may include one of more of the following spe-
cialists depending on the project methods and analysis level:

* Geologists and geomorphologists for site selection,
stratigraphic analysis and interpretation, develop-
ing overall flood chronologies and plausible flood
scenarios, gathering and interpreting any regional
paleoflood information, and researching documented
flood history;

» Dendrochronologists/ecologists/botanists for analysis
of tree rings and other botanical data;

» Geochronologists for sample collection, processing,
laboratory analysis, and results;

* Hydraulic engineers for hydraulic modeling and other
flow computations;

» Surveyors for accurate channel geometry and site
elevation data; and (or)

» Hydrologists, statisticians, or civil engineers for the
flood-frequency analysis.

The numbers of team members will be larger for higher
paleoflood study levels (table 7). For example, a single
geomorphologist or geologist might be needed for a Level 1
study, but a Level 3 study might require a much larger team
of geomorphologists, hydraulic modelers, hydrologists, and
surveyors. Project staffing needs vary among projects depend-
ing on the specific methods applied and the expertise of each
member (for example, a geomorphologist may also be able to
survey site elevation and (or) develop the hydraulic model), as
well as the scope of the study.

The degree of formal peer review is an important dif-
ferentiation between the paleoflood study levels discussed
in the sections that follow. Peer review is an essential part of
scientific studies and ensures quality results. Data checks and
policy reviews often are included in the review process, but
not detailed here. Peer reviewers need to be qualified in the
discipline and methods reviewed, but independent and not
associated with the project. Peer reviewers may be internal or
external to the agency conducting the study. They may review
the study in-progress or the end-product, either independently
or in a team setting. Reporting requirements for paleoflood
analyses are similar for all levels, but higher-level studies will
have more sites to report on and more components to the study
than lower-level studies. Reporting requirements are discussed
in section, “Documentation and Reporting.”

Level 1 Paleoflood Analysis and Review

U.S. Federal agencies that conduct paleoflood studies,
particularly for risk-based applications, similarly differenti-
ate hydrologic hazard levels of study, with the first level
(here, Level 1) as paleoflood reconnaissance-level studies.
Paleoflood analysis and review for Level 1 is similar to the
Bureau of Reclamation Dam Safety Program appraisals for
Comprehensive Review and some Issue Evaluation studies
(Bureau of Reclamation, 2013).
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Table 7. Summary table of paleoflood analysis and review levels for probabilistic flood-hazard assessments.

[Abbreviations and symbol: '¥7C, cesium-137; NRC, Nuclear Regulatory Commission; OSL, optically stimulated luminescence; 1D, one-dimensional; 2D,
two-dimensional; +, plus]

Study level 1

Study level 2

Study level 3

Purpose

Initial hazard screening.
Regional flood assessment.
Feasibility assessment.
Periodic review/update for
site hazard.

Site-specific flood-frequency and
magnitude estimates.
Inspection finding Issue Evaluation
(NRO).
Site hazard assessment.
Hydroclimatic analysis.

Regional and site-specific flood-frequency and
magnitude estimates.
Support siting, facility design, or retrofits of
critical infrastructure.
Broad-scale hydroclimatic analysis.

Typical activi-
ties

Identification of non-
exceedance bounds or
perception threshold only is
possible.

Identification of paleoflood
evidence at a single site or
sites of interest (1-4 or 1-3
trees).

Relative dating or limited
numerical dating methods.
Hydraulic computations, if
done, use existing models or
simple calculations.
Optional: Incorporation of
historical data and prelimi-
nary paleoflood data in flood
frequency.

Limited uncertainty analysis.

Development of stratigraphic records.
Archival research for historical
floods.

Systematic surveys and analysis of
botanical flood evidence (4-8 sites
or dozens of trees).

Numerical dating methods (radio-
carbon or OSL, etc.).

Hydraulic modeling (1D or 2D).
Flood-frequency analysis augment-
ed by incorporation of historical and
paleoflood information, including
identification of perception intervals
and non-exceedance bounds.

Similar to level 2 but involving analysis of
several sites (8-20), reaches (2—4+), and
possibly multiple river basins,

If using botanical data, multiple stands of
trees,

Multiple numerical dating methods (radio-
carbon and OSL or 37Cs-, etc.),

Regional hydroclimatic and paleoflood
analyses to support reach- and basin-specific
analysis,

Rigorous uncertainty assessment, including
assessment of hydraulic, geochronologic,
and statistical model assumptions and
uncertainties.

Analysis effort

Few personnel (1-2).
Minimal field campaign.
Site visit optional if regional
paleoflood information is
available.

Multidisciplinary team (2-5).
Single or multiple field campaigns
(1-2).

Single or multiple reaches.

Multidisciplinary team(s) (3—6+).
Multiple field campaigns (2-3+).
Multiple reaches or river basins.

Examples O’Connor and Driscoll, 2007. Harden and others, 2021. Harden and others, 2011.
O’Connor and others, 2014. Hosman and others, 2003. Levish and others, 2003.
Harden and O’Connor, 2017. Godaire and Bauer, 2013. Ballesteros-Canovas and others, 2016.
Jarrett and Tomlinson, 2000.
Kohn and others, 2016.

Preliminary Investigator determined in Broad guidance and project scoping by Specific guidance and project scoping by tech-
scoping accordance with project technical steering committee. nical steering committee including national
and project purpose. Technical oversight of planning and and international subject-matter experts and
guidance execution by subject-matter experts stakeholders.

and stakeholders. Establishment of formal reporting standards
and data preservation requirements.

Concurrent Investigator determined in In-process review and progress evalua- In-process review by formally established
review and accordance with project tion by technical steering committee panel of subject-matter experts (such as
project purpose. of subject-matter experts. Consultant Review Board).
modifica- Field review of critical study sites Field inspection and independent evaluation
tion and interpretations. of key sites.

Final technical
review

Independent technical review
by general subject-matter
expert(s).

Technical review by team of indepen-
dent subject-area experts, including
expertise for all study components
(that is, stratigraphy, dendrochronol-
ogy, hydraulics, flood-frequency
analysis).

Technical review by formally established team
of independent and nationally or interna-
tionally recognized subject-area experts,
including expertise for all study components
(that is, stratigraphy, dendrochronology,
hydraulics, flood-frequency analysis).
Independent expert review of uncertainty
and sensitivity analyses.
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Level 1 analyses typically are scoping- or
reconnaissance-level studies and commonly are the first step
in almost all quantitative paleoflood analyses. The objectives
of Level 1 studies vary, but typically include (1) providing
an initial screening of a local flood-hazard issue; (2) support-
ing or verify existing flood studies; (3) serving as a feasibility
assessment to use in assessing the need, appropriate meth-
ods, or probability of success for a higher-level analysis; (4)
collecting information for a regional flood assessment; or
(5) serving as a periodic review or update for site-specific
flood-hazard information. Numerical dating techniques
such as OSL and radiocarbon may be used if supported by
the project objective and budget. However, relative dating
methods such as soil development and general forest stand
age may be used to constrain the age of the paleofloods, non-
exceedance bounds, and (or) perception thresholds. Relative
dating alone may be adequate for a Level 1 study. Hydraulic
analyses for a Level 1 study are relatively simple approaches
that establish a relation between paleo-stages and discharge
and generally involve applying existing models, extending
rating curves where appropriate, or simple calculations such
as the Manning’s equation at a single channel cross section.
A typical Level 1 study might require two geomorphologists
and involve one site visit to the study area. Flood stratigraphy
generally is examined and recorded in detail and evaluated at
about 1-3 sites, either in SWDs or terraces or a combination
of the two. If using off-channel deposits, about 1-3 cores are
analyzed. If using flood evidence from trees, only a few trees
(<5) might be cored. Relative or numerical age dating (about
1-3 samples analyzed) is used to determine the flood history.
Discharge estimates are established by a single cross section
or short 1D hydraulic model. If abundant and reliable regional
paleoflood information is available for basins near the study
area and basins are similar, Level 1 studies may not require a
site visit. Because of the small number of sites studied, limited
age control, and use of simple hydraulic calculations, uncer-
tainties can be large and poorly defined. Results typically are
considered to be preliminary. Depending on the data collected
and project goals, a flood-frequency analysis may or may not
be performed.

Preliminary scoping and project guidance are determined
by the project lead in accordance with the project purpose.
Independent technical review of Level 1 studies, although it
may be minimal, is conducted by a subject-matter expert or
experts external to the project. The review will encompass all
aspects of the study. If field work was done, all field notes,
photographs, and records should be retained for review. A field
site visit for reviewers typically is not conducted.

Examples of Level 1 studies include the following:

1. Applicability of paleoflood surveys to the Black Hills of
western South Dakota (O’Connor and Driscoll, 2007);

2. Assessing inundation hazards to nuclear powerplant
sites using geologically extended histories of riverine
floods, tsunamis, and storm surges (O’Connor and oth-
ers, 2014);

3. Prehistoric floods on the Tennessee River—Assessing
the use of stratigraphic records of past floods for
improved flood-frequency analysis (Harden and
O’Connor, 2017; see example 5 sidebar);

4. Regional interdisciplinary paleoflood approach to
assess extreme flood potential (Jarrett and Tomlinson,
2000); and

5. Paleoflood investigations to improve peak-streamflow
regional-regression equations for natural streamflow in
eastern Colorado, 2015 (Kohn and others, 2016).

Level 2 Paleoflood Analysis and Review

Level 2 analyses generally aim to improve flood-
frequency and magnitude estimates beyond those of a Level
1 study for a specific location, site hazard assessment, or
hydroclimate analysis. Data from the Level 1 study are applied
and expanded to better develop and ascertain flood scenarios
and dates. Level 2 studies involve a multidisciplinary team
(25 persons) and one or more field campaigns to investigate
paleoflood evidence at multiple sites on a single reach or
multiple reaches of a river (table 7). Level 2 studies involve
a team (2-3 persons) of geologists/geomorphologists inves-
tigating multiple sites (about 4-8 sites) at multiple elevations
where flood deposits have been preserved on a single reach
or multiple reaches. The stratigraphy of each site is described
and recorded. Flood chronologies are supported by numeri-
cal dating, such as radiocarbon or OSL methods. To reduce
uncertainty in the flood chronology, multiple geochronologic
analyses per site (with replication) are used to constrain flood
ages (fig. 26). Botanical analyses typically are based on sys-
tematic sampling of dozens of trees. The elevation of all flood-
evidence or non-exceedance bounds are surveyed using RTK-
GPS or methods with similar accuracy. Vertical error should
be kept to a minimum (<0.5 m if possible). Sophisticated flow
calculations, such as step-backwater or 2D hydraulic modeling
using high-resolution (<1-m) topographic data (site or channel
surveys, lidar, structure-from-motion) support hydraulic mod-
eling to determine discharges associated with flood evidence
or non-exceedance bounds. Hydraulic modeling results should
account for uncertainty in the flood evidence; be quantified,
at a minimum, by sensitivity analyses; and include model
uncertainties (channel geometry data, roughness coefficient,
boundary conditions, model calibration). Available histori-
cal flood information is gathered from archival evidence.
Flood-frequency analyses incorporate gaged, historical, and
paleoflood information, including flow intervals, identification
of perception thresholds, and (or) non-exceedance bounds.
Multiple flood scenarios encompassing the stratigraphic and
hydraulic uncertainties are helpful to determine the sensi-
tivity of the flood-frequency analysis to possible errors in
stratigraphic interpretation, flood correlations, and discharge
estimate uncertainties.
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Example 5—Level 1 Example—Tennessee River near Chattanooga, Tennes

The Nuclear Regulatory Commission and U.S. Geological
Survey cooperated on a Level 1 scoping study to assess
the potential for paleoflood studies to improve estimates
of the magnitude and frequency of past large floods on the
Tennessee River near Chattanooga, Tennessee (fig. Ex5.1;
Harden and 0'Connor, 2017). The objectives of this study were
to evaluate the presence and preservation of paleoflood
deposits along the Tennessee River and the feasibility and
necessary scope of a comprehensive paleoflood study that
could potentially lead to measurably better estimates of flood
risk—particularly for rare and large floods. The first objective,
and one of the reasons that the Tennessee River was selected
for this analysis, was to evaluate if deposit preservation and
identification is possible in high-humidity environments (most
paleoflood studies have been conducted in more arid environ-
ments), particularly because of the preponderance of nuclear
power plants in the Eastern United States.

The Tennessee River TENNESSEE

Gorge study area was
selected for this study
because its stable bedrock
boundary constrains channel topography (fig. Ex5.2A),
which provides well-defined and stable cross sections for
hydraulic modeling. Large boulders (fig. Ex5.2B), bedrock
ledges, alcoves, and small caves are present at multiple
elevations along the Tennessee River Gorge, and in other
locations where the channel narrows. Typically, these fea-
tures can preserve paleoflood deposits for thousands of
years. However, it was initially unclear if the high rates of
bioturbation from dense vegetation, insects, and burrow-
ing animals in the humid climate would obscure contacts
between deposits. This study confirmed adequate preser-
vation of flood deposits and that radiocarbon and opti-
cally stimulated luminescence (OSL) dating were viable
geochronologic techniques for the Tennessee River.

Chattanooga
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Figure Ex5.1. Paleoflood feasibility study area on Tennes-
see River near Chattanooga, Tennessee, showing types of
locations where flood deposits are preserved. Modified from
Harden and 0’Connor (2017).
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Sandstone
boulders

Figure Ex5.2. Bedrock cliffs (A), slopes with colluvial boulders (B),
and pit exposure of a silty flood deposit surrounded by sandier local
material (C), on the Tennessee River Gorge of the Tennessee River
near Chattanooga, Tennessee. Photographs by Tessa M. Harden, U.S.

Geological Survey.

Results from two radiocarbon and three OSL analyses
indicated that flood chronologies extended back more than
3,000 years using radiocarbon and 9,000 years using OSL. The
stage-discharge rating curve extrapolated from the largest his-
torical and gaged floods was used to estimate the magnitude
of the highest paleoflood deposits (fig. Ex5.3). These added
data indicated that the largest flood on the Tennessee River
near Chattanooga was more than twice as large as the 1867
historical peak that flooded much of the town of Chattanooga
by several feet. This study, although a scoping study in nature,
indicated that a comprehensive paleoflood study was feasible
for the Tennessee River and that these methods likely would be
applicable for many other areas of the humid Eastern United
States. Additionally, the evidence of the exceptional flood
preserved in the stratigraphic record indicated that paleoflood-
based analyses likely would significantly improve the under-
standing of large and rare floods on the Tennessee River.

—  Figure Ex5.3. Largest documented floods (dia-
monds with only dates beside them) used to esti-

—|  mate magnitude of largest paleofloods (Jeff-n-Steph
and Red Flower site diamonds) on the Tennessee
River near Chattanooga, Tennessee. From Harden
and 0’Connor (2017).
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If feasible, Level 2 studies may be guided by a small
technical steering committee composed of subject-matter
experts and stakeholders who can assist with project scoping
and offer guidance in the initial planning stages of the paleo-
flood study. In-progress review may be overseen by a techni-
cal steering committee. Level 2 studies typically involve an
in-field site visit by peer reviewers of the benchmark sites and
accompanying interpretations. Care should be taken during
the field campaign to preserve benchmark sites for the field
review. Accurate, detailed record-keeping (field notes and
interpretations, photographs, laboratory analyses, survey data)
is particularly important if field review is limited.

Technical review of the final report for a Level 2 study
typically involves a team of independent experts, including
scientists and engineers with knowledge of study components
(stratigraphy, dendrochronology, hydraulics, flood-frequency
analysis). Comprehensive record-keeping (including field
notes, photographs, and laboratory analyses) will aid the tech-
nical review.

Examples of Level 2 studies include the following:

1. Improving flood-frequency analysis with a 4,000-year
record of flooding on the Tennessee River near
Chattanooga, Tennessee (Harden and others, 2021);

2. Holocene paleoflood hydrology of the Lower Deschutes
River, Oregon (Hosman and others, 2003; see example 6
sidebar); and

3. Paleoflood study on the Rio Chama near El Vado Dam,
New Mexico (Godaire and Bauer, 2013).

Level 3 Paleoflood Analysis and Review

Level 3 studies are the most comprehensive. They typi-
cally support regional and site-specific flood-frequency and
magnitude estimates to address broad flood-hazard or hydro-
climate issues, large-scale flood risk management or trans-
portation plans, or they may support review, siting, design,
or retrofits of critical infrastructure such as dams, levees, and
nuclear power plants. Level 3 studies also may be supported
by or done in support of regional hydroclimate analyses to
confirm reach- and basin-specific conclusions.

Project components for a Level 3 study include those
associated with a Level 2 analysis—rigorous development
of stratigraphic records, systematic surveys and analysis of
botanical flood evidence, historical flood research, hydraulic
modeling, and flood-frequency analysis involving all avail-
able information (systematic, historical, and paleo) including
perception thresholds and non-exceedance bounds. Level 3
studies, however, generally are larger in geographic scale than
Level 2 studies and involve multiple river reaches and pos-
sibly multiple river basins, and they are done for projects with
substantial safety or economic consequences. A typical Level 3
study will involve a team of geologists/geomorphologists (2—4

persons), surveyors (1-2 persons), hydraulic modelers (1-2
persons), and a flood-frequency analyst. A Level 3-focused
study will entail multiple field visits to identify deposits in

the field, describe and report stratigraphy, and survey all flood
evidence L RTK-GPS (vertical accuracy <0.5 m, if possible)
or similar methods. If botanical evidence is used, dozens of
trees and multiple stands are examined and recorded. Multiple
numerical age-dating methods are used to establish flood
chronology with redundant analyses of key deposits (fig. 26).
Paleoflood sites on multiple reaches of a river are common and
typically sites of stratigraphic investigation number 8-20. The
most comprehensive Level 3 studies will involve multiple sites
on multiple rivers (for example, Harden and others, 2011).

As with Level 2 studies, sophisticated flow calculations—
such as step-backwater or 2D hydraulic modeling using high-
resolution (<1-m) topographic data (site or channel surveys,
lidar, structure-from-motion)—are used in Level 3 studies to
determine discharge estimates associated with flood evi-
dence and perception thresholds or non-exceedance bounds.
Hydraulic modeling results should account for uncertainty
estimates identified by sensitivity analyses and include model
uncertainties (channel geometry data, roughness coefficient,
boundary conditions, model calibration), as well as those
deriving from uncertainties in the PSIs (elevation uncertainty,
correlations between floods). Flood-frequency analyses
incorporate gaged, historical, and paleoflood information,
including flow intervals, perception thresholds, or non-
exceedance bounds. Multiple flood scenarios encompassing
the stratigraphic and hydraulic uncertainties (number of floods,
correlation between floods, paleoflood-discharge estimates,
range of possible discharge values associated with perception
thresholds) are used to determine the sensitivity of the flood-
frequency analysis to possible errors in stratigraphic interpre-
tation or discharge estimates from the hydraulic modeling.
Many Level 3 studies will include rigorous uncertainty assess-
ments and sensitivity analyses encompassing all aspects of the
paleoflood analysis, including PSIs, geochronology, hydraulic
and statistical model analyses, and underlying assumptions.

The planning and review processes for Level 3 studies
typically are more intensive than they are for the other 2 levels
of study because of their large scope, cost, and safety conse-
quences, especially for studies assessing hazards to critical
facilities. For Level 3 reviews, a technical steering committee
composed of national and (or) international subject-matter
experts and stakeholders may be assembled during the initial
planning stages of the project. Such a technical steering com-
mittee can offer specific guidance and help with project scop-
ing and determination of formal reporting standards and data-
preservation requirements. The technical steering committee
also may conduct in-process reviews and field inspections at
benchmark sites. Final technical reviews will be conducted by
an established and independent team of experts for all study
components (stratigraphy, dendrochronology, hydraulics,
flood-frequency analysis). The final technical reviews also
may involve a field review at the key sites.
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Example 6—Level 2 Example—Lower Deschutes River, Oregon

A Level 2-type study was completed in 2003 on the
Deschutes River in north-central Oregon (fig. Ex6.1; Hosman
and others, 2003) with the objective of determining the magni-
tude and frequency of late Holocene flooding and using that
information to better inform a flood-frequency analysis. The
stratigraphy at four sites along the lower Deschutes River was
examined in detail in the field. The overall flood chronologies
were different between sites, but all sites contained evidence
of the largest floods in the last 5,000 years. A U.S. Army Corps
of Engineers Hydrologic Engineering Center River Analysis
System one-dimensional hydraulic model developed for this
study was used to model discharges associated with individual
floods at two benchmark sites (figs. Ex6.2—Ex6.3). These sites
contained the longest and most complete record or large
floods on the Deschutes River.

The paleoflood data, age estimates, and associated dis-
charge interval estimates, were combined with the systematic
record associated with USGS streamgage 14103000 (adjusted
to remove the effects of regulation) to calculate long-term
flood frequency. Flood-frequency calculations were based
on maximum likelihood analysis with a Bayesian approach
(0’'Connell and others, 2002). This approach allows for the
specification of the uncertainty of the magnitude and non-
exceedance bounds of the paleofloods as well as uncertainty
in flood magnitudes from the systematic record.

For this study, three paleoflood scenarios were developed
based on the paleoflood data and were considered to help
understand uncertainties in the stratigraphic record leading to
the overall flood chronology. For the most plausible scenario,
compared to analysis of the gage record alone, incorporating
the paleoflood information increases flood quantile estimates
by about 15-30 percent for rare, low annual exceedance
probability floods. Perhaps more importantly, the paleoflood
data significantly narrowed the confidence intervals for the
rare floods compared to the gage record alone (fig. Ex6.4). This
study also highlights the increased benefit and confidence in
flood-frequency analysis gained from examining multiple sites
in a paleoflood analysis.
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Figure Ex6.1. Location of Hosman and others (2003)
paleoflood study and Deschutes River Basin, Oregon.
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Figure Ex6.2. Axford study site, one of the two sites used in the
flood-frequency analysis, showing three distinct surfaces composed
of fine-grained slack-water deposits and sites of detailed stratigraphy
(sections 1-4) described in Hosman and others (2003), Deschutes
River Basin, Oregon. Flow is to the northwest.

Figure Ex6.3. Section 3 of the Axford site showing two paleoflood
deposits capped by colluvium and soil, Deschutes River Basin,
Oregon. Modified from Hosman and others (2003).
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Examples of Level 3 studies include the following:

1. Flood-frequency analyses from paleoflood investiga-
tions for Spring, Rapid, Boxelder, and Elk Creeks, Black
Hills, western South Dakota (Harden and others, 2011);

2. Flood-hazard analysis for Seminoe and Glendo Dams,
Kendrick and North Platte Projects, Wyoming (Levish
and others, 2003); and

3. Paleoflood-discharge reconstruction in Tatra Mountain
streams (Ballesteros-Céanovas and others, 2016).

Documentation and Reporting

As for most science and engineering analyses, complete
reporting of the foundational data and analyses of any flood-
frequency study is essential, whether it involves paleoflood,
historical, or systematic observations. Such reporting ensures
repeatability, facilitates technical review, and enables reanaly-
sis if new techniques and data become available. Reporting
requirements for the typical components of a paleoflood
analysis (including stratigraphy, discharge estimation, and
geochronology) are likely to be similar for all study levels. For
example, stratigraphic descriptions typically include loca-
tion; site photographs; depth of exposure or pit; and details
of stratigraphy including grain size, color, bedding features,
sorting, and presence of organics, regardless of the study level.
However, there will be less documentation for Level 1 studies
compared to Level 3 studies because Level | studies involve
fewer sites. Documenting all necessary site and stratigraphic
or botanical information, analysis steps, laboratory analyses
and results, modeling approaches, and associated uncertainty;
and identifying assumptions allow for study transparency and
more thorough and objective review.

The following is a list of information that typically would
be documented and available for review in a paleoflood study
of any level although all components might not be included at
all levels. (Recommended information to include in paleoflood
analyses is summarized in table 8.)

1. Site information analyses including general or geomor-
phic locations and nature of flood evidence, photographs,
permit information, physical description of site and
river reach.

2. Stratigraphic descriptions (deposit thickness, color,
grain size, sorting, mineralogy, gravel content, structure,
organic content, unit contacts, etc.), and site and stratig-
raphy photographs and (or) figures.

3. Locations of any tree-ring samples and machine-readable
files of all tree-ring data.

4. Elevations and location of sites and methods of deter-
mination (hand level, total stations, RTK-GPS, etc.),
including vertical and horizonal accuracy and datums.
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5. Geochronology information including techniques and
methods, stratigraphic and geographic location of the
samples collected, sample material type, name of labora-
tory used to analyze the sample, and all raw measure-
ments and calculation values.

6. Topographic data collection procedures for determina-
tions of site elevations and hydraulic computations. Full
documentation is appropriate in cases where adjust-
ments are necessary to account for historical or prehis-
toric changes to channel and floodplain geometry or
conditions.

7. Methods and underlying data used for flow estimation,
including roughness coefficients, initial boundary condi-
tions, or grain-size data for end-member modeling, and
all associated uncertainties; documentation of model
calibration procedures and results if using a hydraulic
model. In many instances, it may be appropriate to
include the hydraulic model or the data so that they
could be rerun with the final report.

8. Range of flows (flow intervals) for each paleoflood and
perception threshold or non-exceedance bound and time
intervals within detection limits; includes uncertainty
and justification of assigned flow ranges.

9. Flood-frequency analyses (when appropriate), including
documentation of software; input data including paleo,
historical, and gaged data; perception thresholds; inter-
val information; and uncertainties. Documentation of
methods for any adjustments to gaged flow data owing
to regulation or drainage area.

10. Sufficient level of documentation to reproduce the
flood-frequency results. For example, a description of
the source of systematic streamgage records, as well as
historical and paleoflood estimates.

11. Period of record, effects of any land-use changes, deci-
sions regarding choice of flow intervals and perception
thresholds, skew, record-extension methods, methods
of combining two or more gage records, and any low-
flow tests.

12. Comparisons of AEP estimates of flood quantiles to
previously published estimates to understand the effect
of the paleoflood data on the estimates. This information
typically is not required in Level 1 studies.

The flood-frequency analyses may apply the initial data
analyses described, including checking for autocorrelation,
trends, and change points (or sudden shifts in the distribution).
In 2020, there are no commonly accepted guidelines for how
to conduct flood-frequency analysis in the presence of autocor-
relation, trends, or change points; however, the implications
may be discussed.
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Table 8. Suggested documentation for paleoflood analyses.

[Description: HWMs; high-water marks]

Documentation type Description

Paleoflood study attributes

Site information Level 1:
Location and description of study area, map of area, simplistic description of hydrology, geomorphology and
geology of study area; stream/river length, slope, sinuosity, location (survey or Global Positioning System),
photograph or site sketch, comments. If using previously published regional paleoflood information, not all
information may be available.
Level 2:
Basin level: Location and description of study area, maps, lidar, existing inundation maps/models, land-use
maps, soil maps, general description of hydrology, geomorphology and geology of study.
Reach level: Reach location, photographs, stream information (width, confined or unconfined, slope, etc.), gen-
eral description of local geomorphology and geology.
Site level: Location data, surveying of landmark to link to lidar or aerial photography, aspect, land-cover, photo-
graphs, site sketch or annotated map, comments or observations.
Level 3:
Similar to Level 2, except for multiple basins and sites. Documentation may need to be standardized across
many field teams and simplified for tabulation.

Stratigraphy Level 1:
Study area: Photographs and maps of site locations, major landmarks, etc.
Sites: Locations, schematic diagrams, photographs, number of units in the stratigraphic sequence, method used
to expose stratigraphy.
Stratigraphic descriptions for each unit: Thickness, color, texture grain size estimate, degree of sorting, mois-
ture content, amount of organic material, type of fluvial structures (such as laminations or cross bedding), dip,
degree of bioturbation, nature of contact between the units.
Levels 2 and 3:
Similar to Level 1 but includes more sites and basins (Level 3). May include samples for grain-size or geochem-
ical analyses.

Botanical Level 1:
Trees: Species, condition, record of locations, scar location and height; may include limited cores or slabs at
chest height, observations and locations for recent HWMs, notes.
Levels 2 and 3:
Trees: Species, condition, sketches, photographs or annotated maps and locations of geomorphic and geo-
graphic positions (distance from trees to locations with respect to the thalweg, channel, bank, floodplain; straight
reaches, inside or outside bend, exposure), equipment and precision for distances and elevation, description of
geological characteristics, observations and locations for recent HWMs, notes.
Indicator: Scar or damage height, description, description of observed debris (boulders, woody), skeleton plots,
tilt description, aspect, angle to river, wedge, cross section or core location and elevation, photograph, equip-
ment used, comments.
Burial study information: Sediment depth, description, excavation method and details, tree species, condition,
slab locations, elevations and methods, method to link information with stratigraphic exposure, stratigraphic
information from exposure as above.

Geochronology All levels:
All samples: Dating method, sample location, photograph, schematic diagram with sample location in exposure
or core, stratigraphic unit: depth below surface, material, key observations and comments, laboratory results,
uncertainty.
Soil development: Note characteristic soils and structures similar to nearby quantitatively dated studies, record:
trimlines, soil characteristics, desert pavement, physical weathering of rocks and terraces, and vegetation. Dating
anthropogenic evidence, unusual geological evidence.
Tree rings: Preparation methods, equipment, techniques, skeleton plots, criteria for, description of and measure-
ments of growth anomalies, method of statistical evaluation of cross-dating with other samples/trees, software
version, inputs and outputs, photographs, uncertainty estimates.
Radiocarbon: Organic material description, photograph, sample location and sampling collection method and
storage, dating technique (accelerator mass spectrometry or conventional), results, corrections, uncertainties.
Optically stimulated luminescence: Quartz or potassium feldspar, grain size used, measurement method, results,
dose rate determination method.
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Table 8. Suggested documentation for paleoflood analyses.—Continued

[Description: HWMs; high-water marks]

Paleoflood study attributes—Continued

Source information Level 1:
for systematic, his- Systematic records: Locations, recording agency, period of record.
torical, and other Historical: Record source, location, elevation, datum, event information, uncertainty.
existing data Levels 2 and 3:

Systematic as in Level 1, may include more locations, more sources for gages, review of records if adjusted for
regulation, trend tests, descriptions of corrections and raw stage measurements, uncertainty.

Historical site: Source type, qualitative description of fidelity/uncertainty, photograph or reproduction of data,
location, river, flood description, duration, cause, origin of information, meteorology, stage (location, original
measurement, contemporary measurement/adjustment, datums), estimated discharge, description of damage,
observation, comments.

Historical aerial data: Aerial photograph and map dates, source, aspect, reference location, reference informa-
tion.

Existing studies.: Reference, locations, time period of record, method of discharge determinations, dating meth-
ods, relevance to current study, uncertainties.

Analyses methods and reproducibility

Flow estimation May not conduct in botanical, land-use, or climate information study.
methods Level 1:

Hydraulic analysis: Equations, assumptions, input data, calibration information, results; modeling (if used),
software/algorithms with version, topography data, aerial photograph, or other geographic information system
layer metadata.
Paleostage indicator elevation estimation: Method, uncertainty, data used for correlation (for example, gage
location, years, events).
Levels 2 and 3:
Hydraulic model type: Model software and version, equations, and assumptions (full St. Venant, dispersion
wave, standard step, etc.), steady/unsteady flow, boundary conditions, initial conditions.
Model parameters and input/output: Geometric/bathymetric data source and resolution, mesh/section resolution
and development method and (or) software, Manning’s n values and calibration, calibration data and source,
method or optimization routine, input and output files, sensitivity tests.

Flood-frequency All Levels (Level 1 optional):
(hydraulic hazard Flood-frequency analysis: Method, distribution(s), fitting method(s), goodness-of-fit or similar analyses, inter-
analysis) methods vals data, perception thresholds, outlier detection methods and identification, confidence intervals, software and

version, input and output files.

Uncertainty and non- All levels:
stationarity records Uncertainty: Equipment measurement errors, method uncertainty estimates, test results, sensitivity analysis,
and methods scenario analysis for model uncertainties or uncertainties not propagated through models.
Stationarity: Tests (for example, initial data analysis in England and others, 2018), land-use records, existing
local analyses, and evidence of aggradation/degradation.

Comparison with All levels (when available):
other analyses References, comparative methods and metrics, results.
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Example 7—Level 3 Example—Black Hills, South Dakota

A comprehensive paleoflood study in the eastern Black
Hills, South Dakota (fig. Ex7.1), was initiated as a result of the
region’s high flood risk, expanding transportation infrastruc-
ture, and increasing pressure to develop flood-prone locations
(Harden and others, 2011). Widespread flooding in June 1972
killed at least 238 people, indicating a considerable local flood
hazard. The occurrence of the 1972 flood, coupled with the
need for improved transportation infrastructure to accom-
modate the growing population and substantial pressure to
develop the floodplain in Rapid City highlighted the need for
more reliable flood-hazard assessments. Despite a gaged and
historical flood record going back at least 60 years for most of
the larger streams in the region, the 1972 flood is an outlier in a
gaged record (fig. Ex7.2) that does not serve as a reliable basis
for estimating flood frequency.

Multiple field visits to systematically identify and describe
paleoflood deposits were conducted over a period of 3 years.
The main project team consisted of three geomorphologists
and an engineer. Additionally, a surveyor, two geochronolo-
gists, and two flood-frequency experts provided substantial
project support.

Stratigraphic records at 29 individual study sites on four
streams in four different basins (six total reaches)—supported
by 99 radiocarbon, 11 OSL, and four '¥’Cs age determinations—
indicate multiple paleofloods during the last 2,000 years, some

as large as, or larger
than, the 1972 flood
as indicated by
deposit elevation
and results from the
hydraulic modeling
(fig. Ex7.4). When
combined with the
systematic and
historical record in a flood-frequency analysis, the paleoflood
data reduced the uncertainty in magnitude of large events with
low annual exceedance probabilities on streams in the eastern
Black Hills by as much as 99 percent (Harden and others,
2011).

This project was guided by a technical steering com-
mittee composed of engineers and decision-makers from the
South Dakota Department of Transportation, the main stake-
holder agency. The technical committee visited and reviewed
key sites in the field (fig. Ex7.5). Several additional field trips to
inspect and discuss key sites in each basin were taken by out-
side experts. Review of all documents generated in this project
followed U.S. Geological Survey (USGS) protocol, with addi-
tional review by project component specialists. For example,
the flood-frequency analysis underwent additional review by
internal (USGS) and external (non-USGS) experts.

SOUTH DAKOTA

Black Hills
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Figure Ex7.2. Discharge at U.S. Geological Survey streamgage 06414000, Rapid Creek at Rapid City, Black Hills,
South Dakota, 1905-2020. The 1972 flood of record is more than an order of magnitude larger than any other peak in
the systematic record.

Figure Ex7.3. View looking downstream in limestone canyons of upper (A4) and lower (B) Boxelder Creek, Black Hills, South Dakota. Photographs
by Jim 0’Connor, U.S. Geological Survey.
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Paleoflood sites are from Harden and others (2011). Photograph by Jim
0'Connor, U.S. Geological Survey.
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Appendix 1. Development of a Framework for Technical Review of Paleoflood

Information Workshop

As part of this project, a workshop was held during
May 29-30, 2019, at the Nuclear Regulatory Commission in
Rockville, Maryland. The purpose of the workshop was to
gather technical input and guidance from experts in the field
for the benefit of this Techniques and Methods Report.

Panels of experts on probabilistic flood-hazard assess-
ment, paleohydrology and geomorphology, historical and
botanical evidence for past floods, and levels of review shared
their expertise on paleoflood data collection, interpreta-
tion, and use. Partner agencies and academics were invited
to provide technical input and guidance. Time was included
for questions and input from the participants. We thank the
participants for their time, knowledge, and enthusiasm for
the subject.

Panels

Individuals gave presentations and participated in panel
discussion on the following topics:

1. Uses of systematic, historical, and paleoflood data in
PFHA—Probabilistic flood-hazard assessment;

2. Historical peak-flow data;

3. Determining floods from botanical evidence;

4. Sedimentological, stratigraphic, geochronological data;
5. Flow reconstruction;

6. Levels of review; and

7. Flood databases.

Participants
Following is a list of the participants in the workshop:
» Ralph Klinger, Bureau of Reclamation
* Robert Jarrett, Flood and Paleoflood Science, LLC
» Will Thomas, Michael Baker International

» David Jay, Portland State University

Stefan Talke, Portland State University
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Appendix 2.
Probabilistic Flood-Hazard Analysis

By Meredith L. Carr, Nuclear Regulatory Commission

Risk informed decision-making (RIDM) supports “high
impact, complex decisions involving multiple objectives in
the presence of uncertainty” (Zio and Pedroni, 2012, abstract).
RIDM is used in many industries, including energy, security,
environmental protection, regulation, and disaster prepared-
ness. In flood analysis, RIDM primarily is used to assess
critical infrastructure, such as dam safety and nuclear power,
although environmental and ecological impacts also have been
considered. Probabilistic risk assessment is a method that
considers the likelihood of an event (for example, hydraulic
hazard load in dam safety or an initiating event in nuclear
safety), the fragility of the system, and the consequences. In
dam safety, this risk is expressed by the equation (Smith and
others, 2018a).

Risk = P(Hazard) x P(FailurelHazard)
x Consequences|Failure '

@.1)

Multiple methods and combinations of methods may be
used for probabilistic flood-hazard assessment (PFHA)/HHA.
Statistical methods, such as the flood-frequency analysis, fit
gaged and non-systematic data to parametric distributions to
extend the flood-hazard curves to relevant annual exceedance
probabilities. Stochastic, or full probabilistic watershed model,
methods use precipitation data or streamflow inputs while
allowing for sampling of different hydrologic and operations
factors in the watershed response to provide a probabilistic
hazard for input to risk models (for example, U.S. Army Corps
of Engineers [USACE] Hydrologic Engineering Center Water-
shed Analysis Tool, HEC-WAT; Dunn and Baker, 2010). Many
events can be simulated to produce a set of output hydrographs
or peak elevations that provide a mean and uncertainty. One
class of models focuses on sampling the hydrometeorological
inputs and uses a deterministic watershed model (for example,
Stochastic Event Flood Model (SEFM): MGS Software LLC,
2018). A peer review team for the Tennessee Valley Author-
ity Stochastic Precipitation Frequency-Based Model con-
cluded that watershed characteristics contributing the most to
uncertainty are site-specific. They recommended reviewing
watershed specifics and even conducting a study using a flow/
volume-based model with paleoflood data to improve confi-
dence in the results for use in decision-making (England and
Stedinger, 2017).

Paleoflood information directly informs many of the sto-
chastic models through flood-frequency inputs (for example,
scaling of hydrographs), calibration (for example, flood-
frequency analysis quantiles inform calibration for extreme
flood response), or comparison and combination with pre-
cipitation-based models. Some of the methods for PFHA/HHA
that use paleoflood information are presented in table 2.1.

Examples of paleoflood/historical data applied in PFHA/
HHA studies are as follows:

Incorporating Historical and Paleoflood Information in

Flood-frequency analysis: See examples for the
Paleoflood Analysis and Review Levels.

Scaled hydrographs:

Glendo Dam, Wyoming, and Folsom Dam,
California—Design modifications at Folsom

and Glendo Dams used flood-frequency analysis
(informed by paleoflood data) to scale several hydro-
graphs to assess risks of modifications (Bureau of
Reclamation, 2002; Levish and others, 2003).

Calibration of watershed models:

Friant Dam, California—The peak discharge annual
exceedance probability curve was calculated down-
stream from Redinger Dam, California, using an
expected moments algorithm (EMA) with a log-
Pearson Type III statistical distribution to incor-
porate paleoflood and historical data (Wright and
others, 2013). These curves were used to calibrate
the annual peak discharge curve downstream from
Redinger Dam generated by SEFM.

Alberche River, Spain—Ballesteros and others
(2011) demonstrated the use of tree-ring-derived
paleoflood data in an ungaged catchment to calibrate
roughness for a distributed rainfall-runoff model.

Combination with stochastic event models or con-
firmation:

Altus Dam, Oklahoma—For the Altus Dam
Corrective Action Study, EMA-based flood-
frequency analysis with thresholds based on paleo-
floods and non-exceedance bounds (Godaire and
Bauer, 2012a) was compared with a stochastic model
(SEFM; MGS Software LLC, 2018). The paleoflood
data-informed flood-frequency curve was used to
select the input precipitation frequency curve for
production hydrologic hazard curves for risk analysis
from the SEFM model (Novembre and others, 2012).

Cherry Creek Dam, Colorado—In support of the
dam safety modification study, flood frequency was
analyzed using Bulletin 17C methods in Hydrologic
Engineering Center Statistical Software Package
with paleoflood and historical data (Pearce, 2017).
The flood frequency was used in inflow volume
calculations; hydrograph shapes and initial res-
ervoir levels were modeled in the USACE Risk
Management Center- Reservoir Frequency Analysis
tool to combine their uncertainties and produce the
stage frequency curve for assessing overtopping risk
(Margo, 2017).
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* Stochastic flow frequency-based watershed models:

» The Willamette River Basin study (Oregon) used 70
years of hydrologic data (that is, flows and forecasts)
to generate 16 synthetic floods to run a HEC-WAT
model on the Columbia River. Studies on tributaries
of the Willamette River incorporated in the larger
model included paleoflood data (Dunn and others,

2016; Bahner and Duren, 2019).

Table 2.1.
paleoflood data.
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* Stochastic precipitation frequency-based models:

» The Whittier Dam (California) hydrologic hazard
curve was developed from peak-streamflow data
(including historical event data) and rainfall data

(Smith and others, 2018D).

Methods for probabilistic flood-hazard assessments or hydrological hazard assessments that can incorporate historical and

[Abbreviations: AEP, annual exceedance probability; HEC-WAT, Hydrologic Engineering Center Watershed Analysis Tool; SEFM, Stochastic Event Flood

Model]
Method Description Example procedures/codes Paleoflood/historical Comments
data use
Flood-frequency Statistical fit of peak Expected moments algorithm, Used as intervals and Does not indicate
analysis flows to a paramet- FLDFRQ3 (Bayesian Maximum thresholds to extend potential watershed
ric distribution; Likelihood), Bulletin 17C curve to rarer AEPs. changes, design al-
paleofiood and (Peak-Flow Frequency Analysis ternatives, or current/
historical flood software, Hydrologic Engineering future regulations. At
uncertainties propa- Center Statistical Software very rare AEPs, un-
gate error through Package) certainties that cannot
interval estimated be reduced by flood-
and thresholds. frequency analysis
grow large.
Hydrograph scal-  Probabilistic hydro- Flood-frequency analysis methods Used to scale hydrograph ~ Watershed is a single de-

ing and volumes

graphs constructed
from standard
shapes and scaled
to match flood-
frequency analysis
curves at probabili-
ties of interest.

and simple shape assessment.

magnitudes.

terministic condition.

Event-based deter- Converts a Australian rainfall runoff (http://arr.  Used for calibration, com- Watershed is a single de-
ministic rainfall- design AEP rainfall ga.gov.au/arr-guideline). parison, and parameter terministic condition.
runoff model into an AEP flood. adjustment.

Stochastic Regional rainfall SEFM. Paleoflood data used for ~ Watershed is a single de-
Precipitation frequency using calibration, combina- terministic condition.
Based Event L-Moments; only tion, or comparison.

Flood Model Hydromet param-
eters treated as
random.

Multiple methods  Combination of SEFM/FLDFQ3. Paleoflood data used to Combination indicates
weighted stochastic event inform flood frequency system and rainfall

models and flood-
frequency analysis

informed by experts.

curve.

but depends on judge-
ment.

Stochastic Flow-
Frequency
Based Models

Flood-based meth-
ods require a peak
discharge frequency
curve to scale a set

of input hydrograph.

shapes for certain
probabilities.

HEC-WAT; Scaled hydrographs from
correlated flow frequency curves
and bootstrapping historical/syn-

thetic events.

Paleoflood data used to
inform flood-frequency
curve, which is primary
input.

Slow run time, many
parameter distribu-
tions must be defined
or screened. Complex.
Hydrograph shapes
are assumed.

Stochastic
Precipitation
Frequency-
Based Models

Rainfall precipitation
frequency inputs or
regional precipita-
tion frequency
inputs.

HEC-WAT; Basin average precipita-

tion frequency curves.

Limited use, possible as
calibration or confirma-
tion.

Challenge of pre-
cipitation frequency
analysis and complex-
ity akin to Stochastic
Flow Based Models.



http://arr.ga.gov.au/arr-guideline
http://arr.ga.gov.au/arr-guideline
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